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Abstract  

Background Schizophrenia (SCZ) and autism spectrum disorder (ASD) are psychiatric diseases 

with complex inheritance. Genetic studies have not identified susceptibility genes to adequately 

explain the heritability and the etiology of these diseases is largely unknown. 

Methods We identified susceptibility genes enriched for de novo mutations (DNMs) in at least 

two independent whole exome sequencing (WES) publications. Genes associated with 

hypertrophic cardiomyopathy (HC) were used as control genes. We selected for rare inherited 

and DNMs in the ASD network using a WES dataset (2392 ASD families) and in the SCZ 

network using three independent WES datasets (35 trios; 598 trios; 5090 case controls). We 

compared the mutation load in the ‘disease network’ between affected and unaffected individuals 

for each dataset. The analyses were repeated using the ‘HC network’. 

Results 14 SCZ genes and 143 ASD genes were identified. When using the 598 SCZ trios, 

probands were enriched in functional variants relative to the average mutation load of parents in 

the SCZ network (p = 0.04) but not in the HC genes (p = 0.23). All functional variants identified 

in the SCZ network were inherited. Similar results were obtained using the case control dataset 

(SCZ network: p = 0.02; HC network: p = 0.09). When analyzing ASD sibpairs, unaffected 

siblings were significantly enriched in functional variants in the ASD network (p = 0.02) but also 

throughout the exome based on a permutation analysis using all genes with functional variants. 

When controlling for sequencing depth through a conditional logistic regression and applying 

stricter filtering criteria, the difference was not statistically significant (p = 0.1358). 

Conclusions We provide preliminary evidence that the accumulation of rare variants (mainly 

inherited) in the identified SCZ susceptibility genes is associated with SCZ. However, this was 

not the case for the ASD dataset that we had access to. 
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Résumé 

Contexte La schizophrénie (SCZ) et le trouble du spectre autistique (ASD) sont des maladies 

psychiatriques avec des héritages complexes. Les études génétiques n’ont pas identifié des gènes 

de susceptibilité pour expliquer l’héritabilité et l’étiologie de ces maladies est inconnue. 

Méthodes Nous avons identifié les gènes de susceptibilité de maladies enrichies pour les 

mutations de novo (DNM) signalés par au moins deux publications de séquençage complet 

(WES). Les gènes témoins sont associés à la cardiomyopathie hypertrophique (HC). Nous avons 

sélectionnées des variantes rares (héréditaires et de novo) des gènes ASD en utilisant 2392 

familles atteints du ASD et des gènes SCZ en utilisant 35 trios, 598 trios et 5090 individus 

affectés/non affectés. Nous avons comparé le nombre des mutations dans le ‘réseau de maladie’ 

entre les individus affectés et non affectés. L'analyse a été répétée en utilisant les gènes de HC.  

Résultats 14 gènes de SCZ et 143 gènes de ASD ont été identifié. Les proposants de les 598 

trios ont été enrichis en variantes fonctionnelles du réseau de SCZ par rapport à la moyenne 

nombre de mutations de leurs parents (p = 0,04) mais pas dans les gènes de HC (p = 0,23). Les 

variantes dans les gènes de SCZ ont été héritées. Résultats similaires one été observé pour les 

5090 individus affectés et non affectés (SCZ: p = 0,02; HC: p = 0,09). L’ordre de l’analyse de 

ASD, les frères et sœurs (FES) non affectés ont été enrichis en variantes fonctionnelles par 

rapport aux proposants dans les gènes de ASD (p = 0.02) et aussi tout au long de l’exome basé 

sur des permutations en utilisant tout les gènes avec les variantes fonctionnelles. Ce résultat n’est 

pas significative (p = 0.1358) lors de la comptabilisation de l'effet de séquençage par une 

régression logistique conditionnelle et en utilisant les critères de filtrage plus stricts. 
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Conclusions On observe que l'accumulation de variantes rares (principalement héréditaires) dans 

le réseau de 14 gènes est associée à SCZ. Cependant, ce n'était pas le cas pour l'ensemble de 

données ASD auquel nous avons eu accès. 
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Chapter 1: Introduction 

Schizophrenia Genetics 

Schizophrenia is characterized by different features including hallucinations, delusions, 

incoherent speech, catatonia, or negative symptoms such as cognitive deficits. Symptoms of SCZ 

can be heterogeneous in nature and as such the timing and duration of symptoms can lead to 

other diagnoses in the schizophrenic spectrum including but not limited to schizoaffective 

disorder, schizotypal personality disorder and schizophreniform disorder. The first sign of 

psychosis typically occurs in late adolescence to early adulthood (age of onset 18 – 35 years old) 

for both males and females. However, there are sex-specific differences in the clinical signs of 

SCZ and the age of onset. For example, the incidence of SCZ is lower in females, they tend to be 

diagnosed relatively later in life and tend to be less severely affected with relatively better social 

functioning and less frequent negative symptoms (e.g. apathy). For diagnostic criteria regarding 

SCZ, please refer to the diagnostic and statistical manual of mental disorders V, DSM V (1). No 

laboratory or psychometric tests are currently available for SCZ.   

Genetic diagnostic tools could aid in an earlier and more accurate diagnosis of SCZ, given its  

a disorder of complex inheritance with a high estimated heritability of ~80% based on family, 

twin, and adoption studies (2, 3). In the 1990’s and early 2000’s whole genome linkage analysis, 

traditionally successful for Mendelian disorders, was used to narrow down chromosomal 

segments associated with SCZ by analysing inherited polymorphic genetic markers (specifically 

microsatellites) that segregate with affected family members (4-13). Linkage studies supported 

by the NIMH Genetics Initiative Millenium Schizophrenia Consortium analyzing families 

recruited by Washington University, Columbia University and Harvard University did not find 

any significant loci in 43 European-American pedigrees (7) or 30 African-American pedigrees 
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(8). Nonparametric linkage analysis showed chromosomes 13q32 (6) and 7q22 (13) to have 

genome wide significance as per Lander and Kruglyak’s reporting guidelines (14). However, to 

date, definitive causal variants, pathways, or regions have yet to be identified. Genome-wide 

association studies (GWAS) investigated the association of common variants to SCZ in large 

populations (15, 16). A multi-stage GWAS of approximately 21000 cases and 40000 controls 

estimated that independent common variants contributing to SCZ risk account for 32% of 

variance in liability (16). A GWAS of 20,000 case-controls of European descent identified 

significant common variants in the microRNA-137 (15), an important regulator of genes in 

neuronal proliferation and synaptic maturation (17). Large GWAS studies using data obtained 

through meta-analyses have implicated SCZ to be associated with common single nucleotide 

variants on chromosome 6 in the major histocompatibility complex (18, 19). Rare copy number 

variants (CNVs), defined as a deletion or duplication of a chromosomal segment, have been 

implicated in SCZ risk (20-23). Rare CNV deletions of 1q21.1, 15q13.3, 22q11.21 and 

duplications of 16p11.2  have been implicated in SCZ (24, 25). Walsh et al. examined the whole 

genome of SCZ case controls for CNVs greater than 100 kilobases and found three times as 

many CNVs deleting or duplicating at least one gene in affected individuals (20). Genes within 

the CNVs of affected individuals were implicated in signalling during neurodevelopment. A 

whole genome scan found the burden of rare CNVs to be 1.15 times greater in affected 

individuals relative to controls (21).  

Despite the observation of these variants in affected individuals, much of the heritability of 

SCZ remains to be explained. A portion of the missing heritability could be attributed to de novo 

mutations (DNMs), which would be undetected by linkage and GWAS studies. The World 

Health Organisation surveyed clinical centres from 12 countries and determined that the 
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incidence of SCZ is high (approximately 1%) and relatively constant despite variable 

environmental conditions (26). The incidence of SCZ remains constant despite negative selection 

pressures such as reduced reproductive fitness of affected individuals (27). Moreover, SCZ is 

associated with higher paternal age (28) likely due to DNMs occurring with spermatozoa cell 

divisions over time. In support of this, Awadalla et al. resequenced 401 synaptic genes and found 

a significant enrichment of pathogenic DNMs (primarily nonsynonymous mutations) in affected 

individuals from 143 SCZ trios and 142 ASD trios (29). To corroborate their findings, the rate of 

neutral point mutations that they directly calculated (1.36 x 10-8 mutations per site per 

generation) was not statistically different from previous indirect estimates. Whole exome 

sequencing (WES) has enabled the investigation of small variants, namely insertions and 

deletions (indels) and single nucleotide variants (SNVs). A WES study reported that the 

nonsynonmous:synonymous ratio of de novo SNVs in 231 affected families (4.84) was 

significantly greater than the corresponding ratio in control samples from the Simons Simplex 

Collection (2.23) (30). The number of de novo loss of function variants in probands from SCZ 

trios was 3 times higher than offspring from unaffected trios (30). Individuals that were more 

severely affected (as measured with school grades below the median) had an increased ratio of 

loss of function:missense variants compared to unaffected individuals and SCZ cases with higher 

grades (31). McCarthy et al. selected de novo SNVs with a minimum coverage of 10 reads that 

were known in the Exome Variant Server 6500 and 1000 Genomes and reported three times as 

many nonsense DNMs in SCZ trios relative to unaffected trios (32). Li et al. selected rare SNVs 

and indels with a minor allele frequency < 0.1% and determined that individuals affected with 

SCZ have a higher prevalence of exonic DNMs in schizophrenic probands compared to sibling 

controls (33). Similar to the findings pertaining to adult onset SCZ, an increased number of 
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exonic DNMs was reported in individuals affected with child onset SCZ diagnosed before 13 

years of age (34). Moreover, the number of disruptive DNMs is higher compared to inherited 

variants in childhood onset SCZ. On the contrary, genes reported to be enriched for DNMs were 

also enriched for rare nonsynonymous alleles inherited from the parents of 623 trios (31). 

Several recent publications have reported an enrichment of DNMs in gene networks related to 

the glutamatergic postsynaptic proteins ARC and NMDAR (31, 35), FMRP (31, 36), chromatin 

remodeling (32), and neuronal calcium signaling (16). Other pathways implicated in SCZ based 

on an increased DNM rate in SCZ patients include voltage gated calcium channels, the NMDAR 

network, activity-regulated cytoskeleton, PSD-95 (37), synaptic genes (29), and a network of 

genes co-expressed in the prefrontal cortex of SCZ patients (38).  

 

Autism Genetics  

        Autism spectrum disorder (ASD) includes autistic disorder, Asperger’s disorder or 

pervasive developmental disorder and is mainly characterized by repetitive behaviours and 

deficits in social interaction and communication (1). The pathophysiology of ASD is unknown, 

but neuronal dysfunction particularly in the synapse through altered neuronal migration, 

abnormal synaptic pruning, or impaired synaptic function is believed to play a role (39-41). 

Other pathways, shown to be important for ASD include chromatin modifiers (42, 43), genes 

expressed in the embryo and genes associated with the fragile X protein (44, 45). ASD is a 

common disorder diagnosed in approximately 1 of 68 children (46) and is 4 times more prevalent 

in males relative to females (47).  The heritability of ASD is estimated to be 70-90% (48). The 

disorder is genetically heterogeneous and specific etiologic factors in ASD can be identified in 

30% - 40% of cases (the majority of which are mono-factorial etiologies) (48). 
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 Similar to studies in SCZ, linkage studies have not successfully identified regions of 

major genetic contributions (49, 50). Findings from linkage studies are often not replicated at the 

level of genome wide significance with some exceptions supported by meta-analyses such as the 

chromosomal region 7q11-35 (51, 52).  CNVs identified by karyotyping or array-based 

comparative genomic hybridisation, that have been reported to be implicated in ASD on more 

than one occasion include 1q21.1 deletions and duplications (53, 54), 15q11.2 deletion between 

break point 1 and break point 2 (55, 56), 16p11.2 deletion (57, 58) and 22q11.2 deletion (54). De 

novo CNVs also contribute to the risk of ASD (43, 59-61). 

Current genetic studies have reported large numbers of candidate genes ranging from at 

least 100 to 1000 (41, 44, 45). Despite our uncertainty of the genetic architecture of ASD, recent 

WES studies have found that ASD patients have a significant enrichment of pathogenic 

nonsynonymous DNMs in 401 synaptic genes when analysing 142 ASD trios (29). Using a 

binomial test, they determined that the number of missense to nonsense DNMs was significantly 

higher than the neutral expectation (19.7:1) derived from the Human Gene Mutation Database 

(62). O’Roak et al. sequenced 20 ASD trios and selected DNMs that were known in dbSNP and 

1000 Genomes (63). These variants were Sanger sequenced and verified in the Integrative 

genome browser. Protein altering mutations were significantly enriched at genomic regions that 

were highly conserved evolutionarily (as determined by Genomic evolutionary rate profiling 

scores (64) and Grantham matrix scores(65)). O’Roak et al. report DNMs found in probands 

from 200 ASD trios and list genes with recurrent protein-altering DNMs. Probands were found 

to have an increased nonsynonymous DNM rate relative to unaffected siblings (66).  De novo 

gene disruptive mutations (nonsense, splice site, and frameshift) are twice as frequent in affected 

children compared to the unaffected siblings (44).  
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Neale et al., determined the rate of missense and nonsense DNMs in 175 ASD trios (0.92 

mutations per exome) and found that it was not significantly different than the expected rate 

(0.871 mutations per exome). A statistically significant number of genes with DNMs encoded for 

proteins that had an enrichment of protein-protein interactions with a list of known ASD genes 

(67). Modelling of variants in these ASD families indicated that the DNMs attributed to the 

disease increase risk 5 to 20 fold but none were found to be completely penetrant. A WES study 

on 238 ASD quads determined that the burden of nonsense and splice site DNMs in brain-

expressed genes was significantly increased in probands relative to unaffected siblings. The odds 

ratio (OR) of nonsense and splice site:silent SNVs considering sibpairs is significiant (OR = 

5.65, p = 0.01) (68).  

An observed correlation of higher paternal age and the number of observed DNMs per 

affected child (30, 44, 66, 69, 70) suggests a paternal bias in the origin of DNMs (44, 66, 67, 70, 

71). Although DNMs are implicated in ASD, there is evidence to suggest the importance of 

inherited variants on increasing autism risk, with the emphasis of a maternal transmission bias to 

sons. Private inherited truncating SNVs in conserved genes (defined as genes with a residual 

variation intolerance score < 50) are in transmission disequilibrium with a significant maternal 

transmission bias to affected sons. The transmission disequilibrium was tested using Fisher’s 

exact and Mann-Whitney U tests and by logistic regression (where the dependent variable was 

the presence of a variant found in a proband or sibling) (72). Genes with at least two de novo 

likely gene disruptive mutations were considered potential ASD risk genes (73). Likely gene 

disruptive variants in these genes are transmitted more frequently from mothers to affected 

children relative to unaffected siblings. Toma et al. identified genes with inherited rare truncating 

heterozygous variants present in both affected siblings of multiplex families to increase the 
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likelihood of these variants being implicated in ASD (74). In the identified genes, the number of 

inherited truncating mutations were two-fold higher than the number of de novo variants. 

Probands had a significant increase in the burden of rare inherited CNVs (72, 75, 76) relative to 

unaffected individuals.  

Hypothesis and Objectives 
  
 The genetic architecture for ASD and SCZ is largely unknown. Based on genetic studies, 

it is suggested that polygeneticity is at work. The disease model to understand how these 

disorders are transmitted considers that every individual has some liability to develop the disease 

however the disease only occurs when an individual accumulates enough genetic and 

enviromental predispositions that increases the individual’s liabiltiy to reach a critical disease 

threshold (CDT) (77). The advancement of WES technology and the ease of data sharing 

eliminated limitations that existed at the time the model was proposed in the 1960’s. Griswold et 

al. resequenced genes previously identified by GWAS and analysed rare variants (41).  They 

identified a significant increase in the number of genes with at least two loss of function variants 

in the same ASD individual relative to controls, which is suggestive of a multi-hit model. Based 

on these observations, we hypothesize that ASD and SCZ occurs when an individual reaches the 

CDT by accumulating rare variants (inherited and de novo) in a subset of genes from the 

susceptibilty ‘network’ that cooperatively increases susceptiblity to disease. Although not 

considered here, environmental threats occuring in utero or postnatally would be expected to also 

interact with genetic predispositions in the network to cause an individual to reach the CDT. 

 One of the objectives of this work is to identify SCZ susceptibility genes that are reported 

to be enriched in DNMs based on a Pubmed literature review. We will test if there is a 

significant enrichment of functional variants (including inherited and DNMs) of the “SCZ 
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network” (defined in this thesis as a set of susceptibility genes for SCZ) in affected individuals 

compared to unaffected individuals. We also aim to identify additional susceptibility genes based 

on genes responsible for single-gene conditions characterized by schizophrenia-like signs or 

symptoms or through an online tool, called Genemania, that recommends related genes based on 

functional data. Similar to SCZ, we will test if individuals affected with ASD are enriched in 

functional variants of the ASD susceptibility genes (i.e. ASD network)  relative to their 

unaffected family members. 
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Chapter 2: Methods 

Part 2.1: Candidate and control gene selection  

Autism genes selection  

To create a list of candidate genes to test for DNMs, we systematically searched Pubmed to 

identify genes with de novo single nucleotide variants (SNVs) in patients affected with ASD who 

had undergone WES. The Pubmed search used the following search terms: 

“exome*[Title/Abstract]” and “de novo[Title/Abstract]” and (“autism spectrum disorder” [Mesh] 

or “autistic disorder”[Mesh] or “autism[Title/Abstract]”). A total of 87 papers originally met 

these search criteria. Candidate genes were selected only if they were reported in at least 2 

independent publications meeting our inclusion and exclusion criteria below.  

Inclusion Criteria: Papers were included if they involved an original study using WES data 

(novel or obtained from a database) and the Pubmed search terms were used in the right context 

in the abstract (i.e. the paper was looking at DNMs and trying to understand the genes that are 

associated with autism). In the case of manuscripts describing autistic symptoms/features in 

patients with another condition (i.e. where autism was a comorbidity), the study was only 

included if all patients of the cohort had autistic symptoms/features.  Case studies were included 

only if all individuals had undergone WES and all had ASD (as a primary condition or 

comorbidity).  

Exclusion criteria: Papers that met any of the following conditions were removed: (1) the 

research question was not focused on autism (i.e. some of the patients included in the cohort did 

not have ASD but other psychiatric or neurodevelopmental disorders), (2) the paper was a review 

article, (3) the study was investigating inherited variants only, (4) the study was evaluating a 

specific number of genes (using targeted sequencing or deep re-sequencing), (5) the study was 
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evaluating protein expression (using RNA sequencing), (6) the study was using whole genome 

sequencing (i.e. the observed variants were not limited to protein coding regions of the genome). 

We included papers that used WES, as opposed to whole genome sequencing, because the 

datasets available to us also used this technology and we were only interested in variants 

occurring in the protein coding regions of the genome.  

Amongst papers that met the above inclusion and exclusion criteria, to the extent that it was 

possible based on the information available in each paper, the ones with original independent 

datasets were identified. A gene was selected only if it was reported in at least 2 publications 

using independent (i.e. not recurrent) datasets. 

 

Schizophrenia genes selection 

A similar search was conducted for SCZ using the key terms: “exome*[Title/Abstract]” and 

“de novo [Title/Abstract]” and (“schizophrenia”[Mesh] or “schizophrenia[Title/Abstract]” or 

“schizophrenia and other psychotic disorders”[Mesh]). A total of 33 papers originally met the 

search criteria. The same inclusion and exclusion criteria were applied, as described above for 

ASD, and candidate genes were selected if they were reported in at least 2 independent 

publications. 

 

 Control genes selection 

 A search was conducted in the Online Mendelian in Man (OMIM) database to identify 

genes associated with single-gene subtypes of hypertrophic cardiomyopathy (HC). The top 14 

HC genes identified in OMIM (equal in number to the SCZ candidate genes) with no known 
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association with a neuropsychiatric phenotype were selected and served as control genes in our 

analyses (Supplementary Table 2.1). 

Part 2.2: WES Datasets 

The research ethics board of McGill University Health Centre approved this study. 

Approval to access the large SCZ and ASD WES datasets was obtained from the Database of 

Genotypes and Phenotypes (dbGaP) and the National Database of Autism Research (NDAR), 

respectively. 

Schizophrenia WES data 

First WES dataset, local trios: 35 local SCZ trios consisting of probands and unaffected 

parents from Dr. Rouleau’s laboratory in affiliation with McGill University and Université de 

Montréal were obtained and analysed. These SCZ trios comprised individuals from previously 

published DNM studies using WES (34, 78). The dataset contained 20 early onset schizophrenic 

probands in which the age of onset was between the ages of 6-12 (  = 9.8 years), and 15 late 

onset schizophrenic probands ( male = 18 years, female = 25 years) in which the age of onset was 

12 years and above. Overall, 23 male probands (13 early onset and 10 late onset) and 12 female 

probands (7 early onset and 5 late onset) were studied. 

Larger independent dataset, dbGaP trios: This dataset includes 623 SCZ families and is 

available in the dbGaP (study phs000687.v1.p1). The samples in this dataset were collected from 

the University Hospital Alexander in Sofia, Bulgaria and individuals with intellectual disability 

were excluded. We selected for unrelated families with parents who did not have schizophrenia. 

Since there were twelve families with two affected probands, we randomly selected 1 proband 

for each family. Overall, 598 trios were included in the analysis. 
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Larger independent dataset, dbGaP case-controls: 5090 individuals (2545 cases with 

SCZ and 2545 unrelated controls) were also analysed. This WES dataset was downloaded from 

the dbGaP (study phs000473.v1.p1), which included vcf files and additional data files.  

 

Autism WES data 

NDAR trios WES dataset: The data for 2,392 families (1,800 quads and 592 trios) with 

ASD was obtained from the NDAR (doi: 10.15154/1169318; doi: 10.15154/1169195). Raw data 

including VCF files and additional data file were submitted to NDAR by Krumm et al., 2015 

(72). 

 

Part 2.3: Variant annotation and variant filtering criteria  

For each dataset, SNVs and small insertions/deletions (indels) were annotated by 

ANNOVAR according to the reference genome hg19/GRCh37 followed by segregation analysis. 

We selected rare (minor allele frequency ≤ 0.01) functionally important variants (herein defined 

as missense, frameshift, stop gain, stop loss, intronic and exonic splicing variants) with a 

genotype quality ≥ 90 in the candidate and control genes. If a variant did not meet any of these 

criteria it was considered wildtype. 

 

Part 2.4 Statistical methods  

Testing the de novo schizophrenia network 

  The mutation load (defined as the number of genetic variants meeting our filtering 

criteria) of the SCZ de novo ‘network’ and control ‘network’ was calculated for each individual 

in our three independent SCZ datasets (35 local SCZ trios, 598 dbGaP trios and 5090 dbGaP 
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case controls). To analyze the 35 local SCZ trios, a 1-tailed paired t-test was used to compare the 

mutation load of SCZ candidate genes in affected individuals versus the average mutation load in 

parents (see Supplementary Table 2.2 for details). The paired 1-tailed t-test analysis was repeated 

for the mutation load of the control genes using Statsplus (http://www.analystsoft.com/en/). 

Similar paired 1-tailed t-tests for the SCZ candidate genes and HC control genes respectively, 

were conducted using the larger dataset of 598 dbGaP trios. A homoscedastic 1-tailed t-test was 

used for the 5,090 case-control dataset, comparing the mutation load of SCZ candidate genes in 

affected individuals and external controls and this was repeated for the mutation load of the HC 

control genes. We applied reactome, an online tool that determines statistically likely pathways 

of a list of input genes (79), to the full SCZ candidate gene list to explore the functional 

importance of the candidate network.  

Identifying additional SCZ genes using an OMIM search and Genemania 

The SCZ susceptibility genes that were recurrently supported by the DNM literature, 

were inputted into Genemania (80), a bioinformatics tool that suggests genes that are related to 

an inputted list by assessing functional association data (such as co-expression and protein 

interaction), using the default settings. Genemania predicted genes to be functionally related to 

the inputted genes. The odds ratio (OR) for each of the Genemania suggested genes and the 95% 

confidence interval (CI) was calculated using rare variants meeting our filtering criteria in the 

dbGaP case control dataset. Only positions with a clear genotype were included in the 

calculation. For example, if the genotype was unknown (as per the genotype caller) due to a lack 

of information it was excluded from the calculation. The OR is defined as ad/bc and the 

confidence interval is calculated according to ln(OR) ± 1.96(1/a + 1/b + 1/c + 1/d); a = number 

of patients with mutation in the gene, b = number of controls with mutation in the gene, c = 
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number of patients without mutations in the gene, d = number of controls without mutations in 

the gene. Genemania suggested genes which had significant ORs (defined as OR > 1, lower 

threshold of the 95% CI > 1) were selected as additional SCZ susceptibility genes in the 

expanded network. 

OMIM was searched for single-gene conditions characterized by SCZ or SCZ-like signs 

or  symptoms using the following key terms: “schizo*” or “psychot*” or “hallucin*” or 

“psychosis”. 163 OMIM entries originally met the search criteria. OMIM disorders were selected 

for analysis if there was a known phenotype description and/or molecular basis, if it was caused 

by point mutations in nuclear genes and if there were fewer than 10 associated genes. The OR for 

each of the above OMIM genes meeting our inclusion criteria was calculated using the dbGaP 

case control dataset, and those with significant ORs were inputted into Genemania. For each 

Genemania suggested gene, the OR and CI was calculated in order to select genes with 

significant ORs to be included in the expanded network. 

To summarize, the expanded network included (1) the SCZ susceptibility genes with 

recurrent evidence for an enrichment of DNMs in affected individuals, (2) genes with significant 

ORs in our SCZ dataset and known to be responsible for single-gene conditions (identified 

through an OMIM search), and (3) Genemania suggested genes that were related to the 

aforementioned genes and had significant ORs. We performed a 1-tailed paired t-test using the 

dbGaP trios (an independent dataset relative to the one used to calculate the ORs when selecting 

additional genes) to compare the mutation load of the expanded set of SCZ susceptibility genes 

in probands versus the average mutation load in parents.  
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 Testing the de novo autism network 

Similar to SCZ, the mutational load of the selected ‘ASD network’ (as per the Pubmed 

search) and the ‘HC control network’ was calculated for each individual from NDAR. We also 

tested 65 ASD genes previously identified by Sanders et al. 2015 (81). To identify the genes, this 

group used a gene-based likelihood model called the transmission and de novo association test 

(TADA) (82), that incorporates de novo mutations, inherited variants and variants identified 

within cases and controls from WES data to identify risk genes. They analyzed three previously 

available ASD WES datasets by including SNVs, indels and evidence of association from genes 

within small de novo deletion CNVs in the TADA model (See Supplementary Table 2.3 for the 

list of TADA genes). A 1-tailed paired t-test was used to compare the mutation load of the ‘ASD 

network’ in affected individuals versus the average mutation load in parents. To analyze 1800 

sibpairs, a paired 1-tailed t-test was conducted to compare the mutation load of ASD genes in 

probands versus the mutation load in unaffected siblings. This analysis was repeated for the HC 

control genes and the TADA genes.  

Investigating a bias in the NDAR dataset  

After reviewing the results of the analysis above using the NDAR dataset, we were 

interested to investigate if unaffected siblings were enriched in functional variants relative to 

probands across the whole exome or if this was specific to the preselected networks (i.e. de novo 

ASD network, TADA network and HC control network). Permutation analysis was performed 

using genes of the exome with at least 1 functional variant. The permutation analysis randomly 

selected 1000 sets of 143 genes, equal in number to the ASD susceptibility genes. Each iteration 

was a 1-tailed paired t-test comparing the mutation load in the permutated set of genes of 

unaffected siblings versus probands. The alternative hypothesis was that the difference in 
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mutation load between siblings and probands (sib-pro) was greater than 0. We were interested to 

explore whether an increased mutation load in unaffected siblings in the ASD susceptibility 

genes and throughout the exome could be due to differences in sequencing depth of functional 

variants between sibpairs. To investigate this further, we calculated the mean depth of 

sequencing considering all positions with functional variants in the ASD candidate genes for 

each proband with a sibling and represented the distribution in a histogram. This calculation was 

repeated for the siblings.  

In an effort to control for any biases in the mutation load due to sequencing depth, we 

intended to further restrict our analysis to reduce false positives due to mapping errors by 

implementing a maximum threshold for sequencing depth and to include only functional variants 

that were covered sufficiently well by implementing a minimum threshold for sequencing depth. 

To decide the maximum threshold for sequencing depth of our restricted filtering criteria, we 

determined the mean depth of sequencing for each functional variant in the ASD genes 

considering the 1800 sibpairs and represented the distribution in a histogram. For each functional 

variant in the ASD genes, the mean sequencing depth was determined considering only probands 

with an unaffected sibling. In particular, for each functional variant the individual depth of 

sequencing in each proband was summed and the resulting value was divided by the number of 

individuals. The process was repeated independently for unaffected siblings. The mean depth per 

functional variant was plotted against the count of functional variants for each corresponding 

depth. The threshold for the maximum sequencing depth was determined as the 95th percentile 

from the histogram described above. Functional variants with a minimum of 4 variant reads, total 

depth between 10 and 184 reads, inclusively, and a minimum of 20% variant reads out of the 

total were selected for analysis and the permutation was repeated. 
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Although we restricted our filtering criteria to include variants with a specified range of 

sequencing depth (and related parameters), we modeled the relationship between the mutation 

load of the ASD susceptibility genes and the odds to be affected controlling for the effects of 

sequencing depth amongst sibpairs using a conditional logistic regression. The first analysis 

considered functional variants meeting our original filtering criteria and the analysis was 

repeated using the restricted filtering criteria.  
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Supplementary Tables  
 
Supplementary Table 2.1 Hypertrophic cardiomyopathy control genes  
 

Gene OMIM # 
CALR3 611414 
FLNC 102565 
JPH2 605267 
MYH6 160710 
MYL2 160781 
MYL3 160790 
MYPN 608517 
NEXN 613121 
TCAP 607487 

TNNC1 613243 
TNNI3 191044 
TNNT2 191045 
TPM1 191010 
VCL 613255 

 
Supplementary Table 2.1 Fourteen control genes responsible for HC were selected using 
OMIM. These genes have no known association with neuropsychiatric phenotypes. The top HC 
genes identified in OMIM (equal in number to the SCZ candidate genes) were selected. 
 
Abbreviations: HC: hypertrophic cardiomyopathy, OMIM: Online Mendelian Inheritance in 
Man, SCZ: schizophrenia 
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Supplementary Table 2.2 Analysis for family design 
 

Family ID Proband (A) Mother (B) Father (C) 
Parental average 

(D) 
0001 2 0 2 1 
0002 1 0 1 0.5 
0003 2 1 1 1 
0004 1 0 0 0 
0005 1 0 1 0.5 
0006 3 1 1 1 

 
Supplementary Table 2.2 The first column (Family ID) indicates the identification number for 
each of the families included in our study. The number of mutations in the disease network is 
listed in columns A, B and C for probands, mothers and fathers respectively. Column D indicates 
the average number of mutations present in the proposed network of both parents of any given 
proband. A paired 1-tailed t-test was performed comparing the mutation load of probands 
(column A) to the average mutation load in parents (column D).  
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Supplementary Table 2.3 ASD susceptibility genes previously identified using the transmission 
and de novo association test on WES data 
 

Genes 
ACHE 
ADNP 
AKAP9 
ANK2 

APH1A 
ARID1B 
ASH1L 

BCL11A 
CAPN12 
CHD2 
CHD8 

CTTNBP2 
CUL3 
DIP2A 

DNMT3A 
DSCAM 
DYRK1A 
ERBB2IP 

ETFB 
FOXP1 

GABRB3 
GIGYF1 

GRIN2B 
ILF2 

INTS6 
IRF2BPL 
KAT2B 

KATNAL2 
KDM5B 
KDM6B 
KMT2C 
KMT2E 
MIB1 
MBD5 
MFRP 
MYT1L 
NAA15 

NCKAP1 
NINL 

NLGN3 
NRXN1 

OR52M1 
P2RX5 
PHF2 

POGZ 
PTEN 
PTK7 

RANBP17 
SCN2A 
SETD5 

SHANK2 
SHANK3 
SLC6A1 
SPAST 

SUV420H1 
SYNGAP1 

TBR1 
TCF7L2 
TNRC6B 

TRIO 
TRIP12 
USP45 
WAC 

WDFY3 
ZNF559 
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Chapter 3: Results  

Disease candidate gene sets 

The Pubmed search we conducted identified 33 SCZ papers, 10 of which met our 

inclusion/exclusion criteria. In total, 14 SCZ candidate genes were selected; see Table 3.1 for the 

list of candidate genes and the referenced articles providing supporting evidence. Similarly, 87 

ASD papers were generated by the Pubmed search, 26 of these met our inclusion/exclusion 

criteria. 143 ASD candidate genes were supported by 2 or more independent de novo studies 

using WES (Table 3.2).  

De novo schizophrenia susceptibility network 

There was no difference in mutational load of functional variants (SNVs and indels) in 

probands relative to parents in the SCZ candidate genes selected (Table 3.3, column A: p = 0.43) 

using the 35 local SCZ trios. However, in a larger independent dataset of 598 trios from dbGaP, 

there was a significant enrichment of functional variants (SNVs and indels) in the SCZ candidate 

genes of affected individuals (Table 3.3, column B: p = 0.04) but not in the HC control genes 

(Table 3.3, column B: p = 0.23). All of variants in the ‘SCZ network’ of dbGaP probands were 

inherited. Similarly, using the SCZ case-control dataset (n=5090) the mutation load in the SCZ 

susceptibility genes was significantly increased in affected individuals relative to external 

controls (Table 3.3, column C: p = 0.02) but not in the HC genes (Table 3.3, column C: p = 

0.09). To better characterize the network functionally, we inputted our candidate genes in 

reactome, a tool that statistically determines the common pathways of genes. No pathways were 

statistically significant. 
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Expanded schizophrenia network 

 Affected individuals were significantly enriched in functional variants in the SCZ 

candidate genes (supported by at least 2 independent DNM publications) in the 598 dbGaP trios 

dataset and the 5090 dbGaP case control dataset. Genemania suggested 20 genes that were 

functionally related to the above network (Supplementary Table 3.4); 3 of which had significant 

ORs (CPNE7: OR = 1.14 [1.10 - 1.17], NT5DC3: OR = 1.11 [1.06 – 1.16], PPP1R12B: OR = 

1.56 [1.39 – 1.74]) and were included in the expanded network. 

The OMIM search for genes responsible for single-gene conditions characterized by 

SCZ-like signs or symptoms generated 163 entries. 121 OMIM entries (and 151 genes) met our 

inclusion criteria (Supplementary Table 3.5).  29 OMIM genes had significant ORs (OR > 1, 

lower threshold of the 95% CI > 1) in our SCZ dataset. 20 genemania suggested genes were 

related to the significant OMIM network above (Supplementary Table 3.6); 1 of which had a 

significant OR (CP: OR = 1.05 [1.03 – 1.07]). The expanded SCZ network includes 47 

susceptibility genes with ORs ranging from 1.05 to 2.81 (Table 3.4). There was no difference in 

the mutation load of the expanded SCZ network between probands and the average mutation 

load in parents using the dbGaP trios (p = 0.19). 

Increased mutation load in unaffected siblings relative to probands in the autism dataset  

There was no difference in the mutational load of the ASD selected genes when 

comparing probands to the average mutation load of the parents using a 1-tailed paired t-test 

(Table 3.5, column A: p = 0.08). Unaffected siblings were significantly enriched in functional 

variants relative to probands in the selected ASD network (Table 3.5, column B: p = 0.02) and 

the TADA network (Table 3.5, column B: p = 0.008) when analyzing the 1800 sibpairs from 
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NDAR. Similar results were found for the HC control genes (Table 3.5, column B: p = 7.36x10-

6). Through the permutation analysis, we found a significant bias of an increased number of 

functional variants in unaffected siblings relative to probands throughout the exome (Figure 

3.2A). On average a proband had a total depth of sequencing of 96 reads which was slightly 

greater than the average total depth of sequencing per sibling of 94 reads (Figure 3.3A and 3.3B). 

Even when we applied the stricter filtering criteria for depth of sequencing and repeated the 

permutation analysis, unaffected siblings were enriched for functional variants relative to 

probands throughout the exome (Figure 3.2B). A positive significant relationship between depth 

of sequencing and the odds to be affected (OR = 1.0049 [1.0013, 1.0086], p = 0.008) and a 

negative significant relationship between mutation load in the ASD network and the odds to be 

affected (OR = 0.9893 [0.9798, 0.998], p = 0.046) was indicated by our conditional logistic 

regression considering variants in the ASD network that met our original criteria in sibpairs 

(Table 3.6A). The mean depth of sequencing for each functional variant in the ASD genes 

considering the 1800 sibpairs is represented in Figure 3.1 (on average each functional variant 

was covered with 75 reads in probands and siblings). The x-axis indicates the mean depth for 

each functional variant and the y-axis indicates the count of functional variants that were covered 

with the corresponding mean depth of sequencing on the x-axis. The threshold for the maximum 

sequencing depth was determined as the 95th percentile of the distribution in Figure 3.1, which 

was equal to 184 reads. When we repeated the conditional logistic regression using the stricter 

filtering criteria selecting variants within a range of sequencing depth, we find that there is no 

significant relationship between the mutation load in the ASD network and the odds to be 

affected when controlling for depth of sequencing (p = 0.1358, see Table 3.6B). 
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Tables  
 
Table 3.1 SCZ susceptibility genes reported in two or more DNM studies using WES 
 

 
Genes 

 
References 

 
PMID 

Number of 
independent 
references 

AHDC1 
CHRNG 
SETD1A 

Xu et al., 2012 
Guipponi et al., 2014 

Takata et al., 2016 

23042115 
25420024 
26938441 

 
2 

 
ANKRD11 
DNAH12 

Xu et al., 2012 
Wang et al., 2015 
Takata et al., 2016 

23042115 
26666178 
26938441 

 
2 

 
CHD4 

Girard et al., 2011 
Li et al., 2016 

21743468 
25849321 

 
2 

 
DICER1 

Wang et al., 2015 
Li et al., 2016 

26666178 
25849321 

 
2 

 
GPR153 

Xu et al., 2011 
Xu et al., 2012 

Ambalavanan et al., 2016 

21822266 
23042115 
26508570 

 
2 

 
LRP1 

Girard et al., 2011 
Wang et al., 2015 

Li et al., 2016 

21743468 
26666178 
25849321 

 
3 

 
MACF1 

Xu et al., 2012 
Wang et al., 2015 

23042115 
26666178 

 
2 

 
PITPNM1 

Xu et al., 2011 
Xu et al., 2012 

McCarthy et al., 2014 

21822266 
23042115 
24776741 

 
2 

 
RGS12 

Xu et al., 2011 
Xu et al., 2012 

Guipponi et al., 2014 

21822266 
23042115 
25420024 

 
2 

 
RYR2 

Xu et al., 2012 
Takata et al., 2016 

Ambalavanan et al., 2016 

23042115 
26938441 
26508570 

 
2 

 
STAC2 

Xu et al., 2012 
Ambalavanan et al., 2016 

23042115 
26508570 

 
2 

 
Table 3.1 Fourteen candidate genes preselected for the SCZ susceptibility network includes 
genes reported to have increased DNMs in at least two or more WES studies. Dependent studies  
denoted in grey shared samples and were not considered indpendent: namely Xu et al., 2011, Xu 
et al., 2012, and Takata et al., 2016. 
 
Abbreviations: SCZ: schizophrenia, DNM: de novo mutation, WES: whole exome sequencing 
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Table 3.2 ASD susceptibility genes reported in two or more DNM studies using WES 
 

Gene Reference PMID Number of independent 
references 

ABCA12 
ABCA13 
ADAM22 
AHNAK2 

AOC3 
C10orf90 
CADPS 

CDCA7L 
CHD1 
CYTH4 
DCAF4 
DNAH7 
ELK1 
FAT1 
FN1 

JMJD1C 
KIAA1967 
KIRREL3 
KRTAP9-3 

MACC1 
MANSC1 
MCM2 
MCPH1 
MKL2 
MPDZ 
MUC4 

MYCBP2 
MYO5B 
MYOM2 
NFASC 
NISCH 

PCDHB16 
PIAS1 

PIWIL4 
PLCD4 
PLXNB1 
POLR2A 
RTN4RL1 

SBF1 
SCRIB 

SLC39A5 
SLC6A3 

Neale et al., 2012 
Iossifov et al., 2014 

22495311 
25363768 

 
2 
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SNTG1 
SPAST 
STAT2 
SVIL 

SYNE2 
TCF3 

TDRD5 
UGT2B10 

USH2A 
VAV3 

WDR66 
ZFC3H1 
ZNF155 

ASXL3 
 

Dinwiddie et al., 2013 
De Rubeis et al., 2014 

Hori et al., 2016 

24044690 
25363760 
27075689 

3 

ABCA3 
DDX50 

DNAJC16 
ECSIT 
ENO3 

GCN1L1 
HERC1 
LRP1B 
OBSCN 
PCNX 

PLEKHA4 
POLR1E 
WDR20 
ZFHX3 
ZFPM2 

Iossifov et al., 2014 
Hashimoto et al., 2016 

25363768 
26582266 

 
2 

ABI3BP 
CDKL3 
EIF3G 
EPAS1 

GTF3C2 
JAK2 

KIAA0226 
METTL2B 
PCDH15 
SETD7 

SNAPC5 
UBR4 

UNC79 
XRCC5 

An et al., 2014 
Iossifov et al., 2014 

24893065 
25363768 

 
2 

XRN2 An et al., 2014 24893065 2 
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Iossifov et al., 2014 25363768 
AFF4 

ARHGAP15 
CHST5 
DCTN5 
EPHB6 
GPR139 
IL1R2 

MYO1A 
PLCD1 
RBMS3 

SLC30A5 
SYNE1 
TGM3 
TTN 

XIRP1 

 
O'Roak et al., 2011 
Iossifov et al., 2014 

 
21572417 
25363768 

 
 
2 

ANK3 Bi et al., 2012 
Iossifov et al., 2014 

22865819 
25363768 

 
2 

ASH1L 
SYNGAP1 

De Rubeis et al., 2014 
Dong et al., 2014 

Iossifov et al., 2014 

25363760 
25284784 
25363768 

2 

BICC1 Iossifov et al., 2014 
Lee et al., 2014 

25363768 
24501278 

 
2 

BRD3 
DICER1 
H2AFV 
ITPR1 
LPHN2 
LRP1 

MOV10 
MYH9 
NEB 
RFX3 

SLC6A1 
TECTA 

Iossifov et al., 2014 
Li et al., 2016 

25363768 
25849321 

 
2 

CACNA1E 
Neale et al., 2012 

O'Roak et al., 2012 
Iossifov et al., 2014 

22495311 
22495309 
25363768 

2 

 
CHD2 

Neale et al., 2012 
Dong et al., 2014 

Iossifov et al., 2014 
Pinto et al., 2016 

22495311 
25284784 
25363768 
26754451 

3 

CREBBP Iossifov et al., 2014 
Yoo et al., 2015 

25363768 
25768348 

 
2 

 O'Roak et al., 2012 
De Rubeis et al., 2014 

22495309 
25363760 
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CUL3 

 

Iossifov et al., 2014 
Codina-Solà et al., 2015 

Li et al., 2016 

25363768 
25969726 
25849321 

2 

EEF1A2 Iossifov et al., 2014 
Nakajima et al., 2014 

25363768 
24697219 

 
2 

 
FOXP1 

 

O'Roak et al., 2011 
Iossifov et al., 2014 
Lozano et al., 2015 

21572417 
25363768 
25853299 

 
3 

 
GABRB3 

 

De Rubeis et al., 2014 
Iossifov et al., 2014 

Li et al., 2016 

25363760 
25363768 
25849321 

 
3 

ETFB 
MYO9B 
MYT1L 
TRIO 

De Rubeis et al., 2014 
Iossifov et al., 2014 

25363760 
25363768 

 
2 

HIVEP3 
MYH10 

Dong et al., 2014 
Iossifov et al., 2014 

Li et al., 2016 

25284784 
25363768 
25849321 

 
2 

 
MED13L 

 

Iossifov et al., 2012 
Iossifov et al., 2014 

Codina-Solà et al., 2015 

22542183 
25363768 
25969726 

 
 
2 

MYOF 
SMARCC2 
TUBA1A 

Neale et al., 2012 
Iossifov et al., 2014 

Li et al., 2016 

22495311 
25363768 
25849321 

 
2 

 
 
 

POGZ 
 
 
 

Iossifov et al., 2012 
Neale et al., 2012 

De Rubeis et al., 2014 
Iossifov et al., 2014 
Fukai et al., 2015 

Hashimoto et al., 2016 
Li et al., 2016 

22542183 
22495311 
25363760 
25363768 
25694107 
26582266 
25849321 

 
4 

PTEN 
 
 

O'Roak et al., 2012 
De Rubeis et al., 2014 
Iossifov et al., 2014 

Codina-Solà et al., 2015 
Li et al., 2016 

22495309 
25363760 
25363768 
25969726 
25849321 

 
2 
 
 

 
RELN 

 

Neale et al., 2012 
De Rubeis et al., 2014 
Iossifov et al., 2014 

Li et al., 2016 

22495311 
25363760 
25363768 
25849321 

 
2 

SCN2A 

Sanders et al., 2012 
An et al., 2014 

De Rubeis et al., 2014 
Iossifov et al., 2014 

Tavassoli et al., 2014 
Codina-Solà et al., 2015 

22495306 
24893065 
25363760 
25363768 
24650168 
25969726 

 
3 
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Li et al., 2016 25849321 

SETD2 
 

O'Roak et al., 2012 
Iossifov et al., 2014 
Lumish et al., 2015 

22495309 
25363768 
26084711 

 
2 

SETD5 
 

Neale et al., 2012 
De Rubeis et al., 2014 
Iossifov et al., 2014 

Li et al., 2016 

22495311 
25363760 
25363768 
25849321 

 
2 

TBL1XR1 
 

O'Roak et al., 2012 
Iossifov et al., 2014 
Saitsu et al., 2014 

22495309 
25363768 
25102098 

 
2 

TBR1 
 
 

Neale et al., 2012 
O'Roak et al., 2012 

De Rubeis et al., 2014 
Dong et al., 2014 

Iossifov et al., 2014 
Li et al., 2016 

22495311 
22495309 
25363760 
25284784 
25363768 
25849321 

 
2 

TLK2 
 

O'Roak et al., 2011 
Iossifov et al., 2014 

Li et al., 2016 

21572417 
25363768 
25849321 

 
2 

 
Table 3.2 143 candidate genes preselected for the ASD susceptibility network includes genes 
reported to have increased DNMs in at least two or more WES studies. Dependent studies 
denoted in grey shared samples and were not considered independent. Genes in bold are 
supported by 3 or more independent publications.  
 
Abbreviations: ASD: autism spectrum disorder, DNM: de novo mutation, WES: whole exome 
sequencing. 
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Table 3.3 Comparisons of the mutation load in individuals affected with SCZ versus unaffected 
individuals (familial and external controls) 
 
  A B C 

i SCZ dataset 35 local trios dbGaP trios dbGaP case control 
ii  

Sample size 
   35 probands 
   35 mothers 
   35 fathers 

          598 probands 
          598 mothers 
          598 fathers 

         2545 cases 
         2545 controls 

iii Type of test 1-tailed  
paired t-test 

1-tailed 
paired t-test 

1-tailed 
homoscedastic t-test 

iv Comparison 
group 

Probands vs. 
parental average 

Probands vs. parental 
average 

Cases vs. controls 

v Gene network SCZ SCZ HC SCZ HC 
vi P-value 0.43 0.04 0.23 0.02 0.09 

 
Table 3.3 T-test comparing the mutation load in a set of preselected susceptibility genes (albeit 
the SCZ network or the HC control network) between affected and unaffected individuals using 
A) the 35 local trios B) 598 dbGaP trios C) 5090 case controls. There was no difference in the 
mutation load of probands relative to the average mutation load in parents (A). Affected 
individuals were significantly enriched for functional variants in the SCZ genes but not in the 
HC control genes relative to unaffected individuals (B and C).  
 
Abbreviations: SCZ: schizophrenia, HC: hypertrophic cardiomyopathy, dbGaP: database of 
Genotypes and Phenotypes 
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Table 3.4 Additional SCZ susceptibility genes 
 

Gene OR 
OR 

confidence 
interval 

Total muts in 
cases per gene 

Total muts in 
controls per gene 

TP53 2.81 1.65-4.79 14 5 
CPOX 1.84 1.43-2.37 22 12 
A2M 1.69 1.22-2.34 71 67 

MED12 1.66 1.33-2.09 32 18 
BCKDHA 1.64 1.23-2.19 18 11 
PRDM8 1.63 1.13-2.33 14 9 
FGFR2 1.59 1.21-2.08 19 12 

PPP1R12B 1.56 1.39-1.74 96 75 
MMACHC 1.53 1.27-1.86 26 17 

ROGDI 1.38 1.29-1.48 71 51 
NAGS 1.38 1.01-1.88 15 12 
TPH2 1.37 1-1.86 15 11 
PAK3 1.30 1.06-1.6 23 18 

KCNN4 1.29 1.09-1.52 27 21 
GLUD2 1.28 1.05-1.56 31 24 
PINK1 1.28 1.2-1.36 87 64 

CACNA1A 1.26 1.22-1.29 158 137 
PTPN22 1.23 1.2-1.27 164 136 
PLAU 1.21 1.17-1.26 113 96 

MAN2B1 1.20 1.15-1.25 138 118 
ATP2A2 1.16 1.05-1.28 46 39 

PPT1 1.15 1.03-1.28 39 34 
DMPK 1.14 1.05-1.24 51 45 
GAL 1.14 1.05-1.25 49 43 

ZBTB20 1.14 1.08-1.21 78 66 
CPNE7 1.14 1.1-1.17 144 129 
MPO 1.12 1.09-1.14 216 199 

NT5DC3 1.11 1.06-1.16 95 84 
ZFYVE26 1.11 1.09-1.12 392 347 
PDGFB 1.10 1.03-1.17 67 62 
ECM1 1.09 1.07-1.12 204 187 
NPC1 1.08 1.04-1.12 116 105 

CP 1.05 1.03-1.07 236 229 
 
Table 3.4 Thirty three genes with significant ORs were selected in the expanded SCZ 
susceptbility network. Twenty nine genes responsible for single-gene conditions characterized by 
schizophrenia-like signs or symptoms  and four genes predicted to be functionally related to the 
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previously mentioined genes by Genemania. The expanded SCZ network also includes genes 
reported 2 or more DNMs studies using WES (Table 1). 
Abbreviations: OR: odds ratio, SCZ: schizophrenia, muts: mutations 
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Table 3.5 Comparisons of the mutation load in probands with ASD versus unaffected family 
members (parents and unaffected siblings)  

  A B 
i ASD dataset NDAR trios NDAR sibpairs 
 

ii 
 

Sample size 
2392 probands 
2392 mothers 
2392 fathers 

1800 probands 
1800 siblings 

iii Type of test 1-tailed paired t-test 1-tailed paired t-test 
iv Comparison 

group 
Probands vs. 

parental average 
Probands vs. siblings 

v Gene network ASD  ASD TADA HC 
vi P-value 0.08 0.02* 0.008* 7.36x10-6* 

 
Table 3.5 There was no difference in the mutation load of ASD susceptibility genes when 
comparing probands to the average mutation load in parents (A). * Unaffected siblings were 
significantly enriched for functional variants relative to probands in the ASD network, the 
TADA network and the HC control network, respectively. 
 
Abbreviations: ASD: autism spectrum disorder, HC: hypertrophic cardiomyopathy, NDAR: 
National Database of Autism Research, TADA: transmission and de novo association  
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Table 3.6A Association of sequencing depth and mutation load with disease outcome using 
standard filtering criteria for functional variants 
Model OR [95% confidence interval] P-value 
Disease ~ Depth 1.005 [1.001, 1.009] 0.007 
Disease ~ Number of muts 0.989 [0.978, 0.999] 0.039 
Disease ~ Depth + Number of 
muts 

ORdepth = 1.005 [1.001, 1.009] 
ORmutations = 0.989 [0.979, 0.998] 

pdepth = 0.008 
pmutations = 0.046 

 
 
Table 3.6B Association of sequencing depth and mutation load with disease outcome using 
stricter filtering criteria for functional variants 
Model OR [95% Confidence interval] P-value 
Disease ~ Depth 1.004 [1, 1.009] 0.045 
Disease ~ Number of muts 0.9892 [0.9755, 1.003] 0.13 
Disease ~ Depth + Number of 
muts 

ORdepth = 1.005 [1.0002, 1.009] 
ORmutations = 0.989 [0.9755, 1.003] 

pdepth = 0.039 
pmutations = 0.136 

 
Table 3.6A Mutation load significantly decreases the odds to be affected when controlling for 
the effect of depth of sequencing in the conditional logistic regressions using ASD sibparis. 
Unaffected siblings have more mutations than probands. Table 3.6B There is no relationship 
between mutation load and the odds to be affected when applying the stricter filtering criteria 
and statistically controlling for the effect of depth of sequencing.  
 
Abbreviations: ASD: autism spectrum disorder, OR: odds ratio 
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Figures 
 
Figure 3.1: Mean depth of sequencing per functional variant in sibpairs. 

 

Figure 3.1 Several functional variants found in the ASD network have a very low or very high 
mean depth of sequencing in sibpairs, which is indicative of potential false positives. The 95th 
percentile of the distribution is 184 reads. 
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Figure 3.2A P-value distribution of the permutation analysis using NDAR sibpairs 
 

 
Figure 3.2A The permutation analysis randomly selected 1000 sets of 143 genes, equal in 
number to the ASD genes. Each iteration was a 1-tailed paired t-test comparing the mutation load 
in the permutated set of genes in unaffected siblings versus probands (HA = mutation load in 
siblings > mutation load in probands). Unaffected siblings were enriched in functional variants 
throughout the exome relative to probands. 
 
Abbreviations: HA = Alternative hypothesis, NDAR = National Database of Autism Research 
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Figure 3.2B Repeated permutation analysis after implementing stricter filtering criteria for 
sequencing depth 
 

 
Figure 3.2B Stricter filtering criteria for depth of sequencing were applied to select functional 
variants and the permutation analysis was repeated. The distribution of p-values was less skewed 
but many p-values were still significant, indicating that unaffected siblings had more mutations 
than probands throughout the exome. 
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Figure 3.3A The mean depth of sequencing per functional variant in probands  
 

 
 
Figure 3.3B The mean depth of sequencing per functional variant in siblings 
 

 
 
 
Figure 3.3A and 3.3B On average, a proband had a mean sequencing depth of 96 reads and a 
sibling had a mean sequencing depth of 94 reads considering all positions with functional 
variants (red lines). 
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Supplementary Tables 
 
Supplementary Table 3.4 Genemania genes related to the de novo SCZ susceptibility network 
 

Genes 
AP3D1 

CACNA1G 
CFAP157 
CLSTN3 
CPNE7 
DNAH9 
DTHD1 

HGS 
KIAA1644 
LRRC18 
NCKAP5 
NT5DC3 

PAF1 
PANX2 

POM121C 
PPP1R12B 

PRPF6 
PXK 

RBM10 
SMARCA4 

 
Supplementary Table 3.4 Genemania suggested 20 genes that were related to the de novo SCZ 
network (see Table 1). The OR for each gene was calculated using the dbGaP case control 
dataset. Genes in bold had significant ORs and were included in the expanded susceptibility 
network. 
 
Abbreviations: dbGaP: Database of Genotypes and Phenotypes, OR: odds ratio, SCZ: 
schizophrenia 
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Supplementary Table 3.5. Single-gene conditions characterized by SCZ-like signs or symptoms  
 

Gene 
Name Disease (OMIM #) 

A2M Alzheimer disease (OMIM #104300) 
ABCD1 Adrenoleukodystrophy (OMIM #300100) 
ACADS Deficiency of acyl-coa dehydrogenase (OMIM #201470) 
ADH1C Late-onset parkinson disease (OMIM #168600) 

AIP Pituitary adenoma (OMIM #219090) 

ALDH5A1 Succinic semialdehyde dehydrogenase deficiency (OMIM 
#271980) 

APP Alzheimer disease (OMIM #104300) 
ARSA Metachromatic leukodystrophy (OMIM #250100) 
ASS1 Classic citrullinemia (OMIM #215700) 

ATP13A2 Kufor-rakeb syndrome (OMIM #606693) 
ATP1A3 Dystonia 12 (OMIM #128235) 
ATP2A2 Darier-white disease (OMIM #124200) 
ATXN1 Spinocerebellar ataxia 1 (OMIM #164400) 
ATXN2 Late-onset parkinson disease (OMIM #168600) 

BCKDHA Maple syrup urine disease (OMIM #248600) 
BCKDHB Maple syrup urine disease (OMIM #248600) 

BCKDK Branched-chain keto acid dehydrogenase kinase deficiency 
(OMIM #614923) 

C10orf2 Mitochondrial dna depletion syndrome 7 (OMIM #271245) 
CACNA1A Migraine, familial hemiplegic (OMIM #141500) 

CFH Complement factor h deficiency (OMIM #609814) 
CHD8 Susceptibility to autism 18 (OMIM #615032) 

CHEK2 Li-fraumeni syndrome 2 (OMIM #609265) 
CLCN2 Leukoencephalopathy with ataxia (OMIM #615651) 
CLN3 Ceroid lipofuscinosis (OMIM #204200) 
CLN6 Ceroid lipofuscinosis (OMIM #204300) 
CPOX Coproporphyria (OMIM #121300) 

CSTB Myoclonic epilepsy of unverricht and lundborg (OMIM 
#254800) 

CTLA4 Systemic lupus erythematosus (OMIM #152700) 
CYP27A1 Cerebrotendinous xanthomatosis (OMIM #213700) 

DAX1 Adrenal hypoplasia (OMIM #300200) 

DBT Maple syrup urine disease (OMIM #248600) 
DCAF17 Woodhouse-sakati syndrome (OMIM #241080) 
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DEPDC5 Epilepsy (OMIM #604364) 
DIRC2 Renal cell carcinoma (OMIM #144700) 

DJ1 Parkinson disease 7 (OMIM #606324) 
DMD Muscular dystrophy (OMIM #300376) 

DMPK Myotonic dystrophy 1 (OMIM #160900) 
DNAJC5 Ceroid lipofuscinosis (OMIM #162350) 
DNASE1 Systemic lupus erythematosus (OMIM #152700) 
DNMT1 Cerebellar ataxia (OMIM #604121) 

DSTYK Congenital anomalies of kidney and urinary tract 1(OMIM 
#610805) 

ECM1 Lipoid proteinosis of urbach and wiethe (OMIM #247100) 
EPM2A Myoclonic epilepsy of lafora (OMIM  #254780) 

FCGR2A Systemic lupus erythematosus (OMIM #152700) 
FCGR2B Systemic lupus erythematosus (OMIM #152700) 
FGFR2 Saethre-chotzen syndrome (OMIM #101400) 

FIG4 Polymicrogyria, bilateral temporooccipital (OMIM #612691) 
FKBP5 Major depressive disorder (OMIM #608516) 
FLCN Renal cell carcinoma (OMIM #144700) 

FTL Neurodegeneration with brain iron accumulation 3 (OMIM 
#606159) 

GAL Epilepsy (OMIM #616461) 
GATA6 Conotruncal heart malformations (OMIM #217095) 

GBA Dementia (OMIM #127750) 
Late-onset parkinson disease (OMIM #168600) 

GDF1 Conotruncal heart malformations (OMIM #217095) 
GLUD2 Late-onset parkinson disease (OMIM #168600) 

GNAS 
Pseudohypoparathyroidism, type Ia (OMIM #103580) 
Acth-independent macronodular adrenal hyperplasia (OMIM 
#219080) 

GRN Frontotemporal lobar degeneration with tdp43 inclusions 
(OMIM #607485) 

GSS Glutathione synthetase deficiency (OMIM #266130) 
HARS Usher syndrome type IIIb (OMIM #614504) 
HCRT Narcolepsy 1 (OMIM #161400) 
HEXA Tay-sachs disease (OMIM #272800) 
HEXB Sandhoff disease (OMIM #268800) 

HFE Alzheimer disease (OMIM #104300) 
Porphyria variegate (OMIM #176200) 

HLA-
DQB1 Creutzfeldt-jakob disease (OMIM #123400) 
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HMBS Porphyria (OMIM #176000) 
HNF1A Renal cell carcinoma (OMIM #144700) 
HNF1B Renal cell carcinoma (OMIM #144700) 

HSD17B10 Mental retardation, x-linked, syndromic 10 (OMIM #300220) 
HTR2A Major depressive disorder (OMIM #608516) 
IDUA Hurler-scheie syndrome (OMIM #607015) 
ITM2B Cerebral amyloid angiopathy (OMIM #117300) 
JPH3 Huntington disease-like 2 (OMIM #606438) 

KCNN4 Dehydrated hereditary stomatocytosis 2 (OMIM #616689) 
KCNT1 Epilepsy (OMIM #615005) 
LGI1 Epilepsy, familial temporal lobe (OMIM #600512) 

MAN2B1 Mannosidosis (OMIM #248500) 
MAOA Brunner syndrome (OMIM #300615) 

MAPT Frontotemporal dementia (OMIM #600274) 
Late-onset parkinson disease (OMIM #168600) 

MDD1 Major depressive disorder (OMIM #608516) 
MDD2 Major depressive disorder (OMIM #608516) 

MECP2 Mental retardation, x-linked, syndromic 13 (OMIM #300055) 
Mental retardation, x-linked, syndromic 13 (OMIM #300055) 

MED12 Lujan-fryns syndrome (OMIM #309520) 
MMACHC Methylmalonic aciduria and homocystinuria (OMIM #277400) 

MPO Alzheimer disease (OMIM #104300) 
MTHFR Homocystinuria (OMIM #236250) 
MUC1 Medullary cystic kidney disease 1 (OMIM #174000) 
MYO7A Usher syndrome, type I (OMIM #276900) 
NAGS N-acetylglutamate synthase deficiency (OMIM #237310) 
NDP Norrie disease (OMIM #310600) 

NHLRC1 Myoclonic epilepsy of lafora (OMIM  #254780) 
NKX2-5 Conotruncal heart malformations (OMIM #217095) 
NKX2-6 Conotruncal heart malformations (OMIM #217095) 
NOS3 Alzheimer disease (OMIM #104300) 

NOTCH3 Cerebral arteriopathy (OMIM #125310) 
NPC1 Niemann-pick disease, type c1 (OMIM #257220) 
NPC2 Niemann-pick disease, type c2 (OMIM #607625) 
OGG1 Renal cell carcinoma (OMIM #144700) 
PAH Phenylketonuria (OMIM #261600) 

PAK3 Mental retardation (OMIM #300558) 
PCDH19 Epileptic encephalopathy (OMIM #300088) 
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PDE11A Pigmented nodular adrenocortical disease (OMIM #610475) 
PDGFB Basal ganglia calcification (OMIM #615483) 
PDGFRB Kosaki overgrowth syndrome (OMIM #616592) 
PINK1 Early onset parkinson disease 6 (OMIM #605909) 
PLAU Alzheimer disease (OMIM #104300) 
POGZ White-sutton syndrome (OMIM #616364) 
PPOX Porphyria variegate (OMIM #176200) 
PPT1 Ceroid lipofuscinosis (OMIM #256730) 

PRDM8 Epilepsy (OMIM #616640) 
PRKAR1A Pigmented nodular adrenocortical disease (OMIM #610489) 

PRODH Hyperprolinemia (OMIM #239500) 
Schizophrenia 4 (OMIM #600850) 

PRNP 

Fatal familial insomnia (OMIM #600072) 
Gerstmann-straussler disease (OMIM #137440) 
Creutzfeldt-jakob disease (OMIM #123400) 
Spongiform encephalopathy with neuropsychiatric features 
(OMIM #606688) 

PSEN1 Alzheimer disease 3 (OMIM #607822) 
Frontotemporal dementia (OMIM #600274) 

PSEN2 Alzheimer disease 4 (OMIM #606889) 
PTPN22 Systemic lupus erythematosus (OMIM #152700) 
RHAG Overhydrated hereditary stomatocytosis (OMIM #185000) 

RNF139 Renal cell carcinoma (OMIM #144700) 
ROGDI Kohlschutter-tonz syndrome (OMIM #226750) 
RPL10 Susceptibility to x-linked autism 5 (OMIM #300847) 

RPS6KA3 Coffin-lowry syndrome (OMIM #303600) 
SCNA Parkinson disease 4 (OMIM #605543) 
SGCE Dystonia 11 (OMIM #159900) 

SHANK3 Phelan-mcdermid syndrome (OMIM #606232) 

SLC12A6 Agenesis of the corpus callosum with peripheral neuropathy 
(OMIM #218000) 

SLC1A1 Schizophrenia 18 (OMIM #615232) 
SLC20A2 Basal ganglia calcification (OMIM #213600) 
SLC25A13 Adult onset citrullinemia type II (OMIM #603471) 
SLC6A19 Hartnup disorder (OMIM #234500) 
SLC6A8 Cerebral creatine deficiency syndrome 1 (OMIM #300352) 
SLC7A7 Lysinuric protein intolerance (OMIM #222700) 

SNCA Dementia (OMIM #127750) 
Parkinson disease 1  (OMIM #168601) 

SNCB Dementia (OMIM #127750) 
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SOBP Mental retardation (OMIM #613671) 
SPG20 Spastic paraplegia 20 (OMIM #275900) 

TBC1D7 Macrocephaly/megalencephaly syndrome (OMIM #248000) 
TBP Late-onset parkinson disease (OMIM #168600) 
TBX1 Conotruncal heart malformations (OMIM #217095) 
TP53 Li-fraumeni syndrome 1 (OMIM #151623) 
TPH2 Major depressive disorder (OMIM #608516) 
TREX1 Systemic lupus erythematosus (OMIM #152700) 

TTC19 Mitochondrial complex iii deficiency, nuclear type (OMIM 
#615157) 

TTR Amyloidosis (OMIM #105210) 
TWIST1 Saethre-chotzen syndrome (OMIM #101400) 

VHL Renal cell carcinoma (OMIM #144700) 
VPS13A Choreoacanthocytosis (OMIM #200150) 
VPS35 Parkinson disease 17 (OMIM #614203) 

WFS1 Wolfram-like syndrome (OMIM #614296) 
Wolfram syndrome 1 (OMIM #222300) 

XPR1 Basal ganglia calcification (OMIM #616413) 
ZBTB20 Primrose syndrome (OMIM #259050) 

ZDHHC9 Mental retardation, x-linked, syndromic, raymond type (OMIM 
#300799) 

ZFYVE26 Spastic paraplegia 15 (OMIM #270700) 
 
Supplementary Table 3.5 Single-gene conditions characterized by schizophrenia-like signs or 
symptoms  identified through an OMIM search using the following keywords: “schizo*” or 
“psychot*” or “hallucin*” or “psychosis”. The OR for each gene was calculated using the dbGaP 
case control dataset. Gene in bold has significant ORs and were included in the expanded SCZ 
susceptibility network. 
 
Abbreviations: SCZ: schizophrenia, OMIM: Online Mendelian Inheritance in Man, OR: odds 
ratio 
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Supplementary Table 3.6 Genes predicted by genemania to be functionally related with genes 
having significant odds ratios in Supplementary Table 3.5 
 

Gene 
BCKDHB 
CACNB1 

CP 
FAH 

GALR1 
GALR2 
GLUD1 

GNS 
GPR151 
MAP3K8 
MKLN1 

NOV 
OBSL1 
OPLAH 
PLD3 
PLPP3 
PTPA 

TMEM39B 
TNFSF4 
TOM1L1 

 
Supplementary Table 3.6 Genes responsible for single-gene conditions characterized by SCZ or 
SCZ-like signs or  symptoms , which had significant ORs using our SCZ case-control dataset, 
were inputted into Genemania. Genemania suggested 20 genes that functionally related to the 
inputted list. The OR for each gene was calculated using the dbGaP case control dataset. The 
gene in bold had a significant OR and was included in the expanded susceptibility network.   
 
Abbreviations: dbGaP: database for Genotypes and Phenotypes, OR: Odds ratio 
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Chapter 4: Discussion  

SCZ and ASD are common diseases with complex inheritance and a high estimated 

heritability. However, there is a general consensus that there are no genetic risk factors of major 

contribution based on linkage and GWAS studies. Recent WES studies support the importance of 

de novo SNVs (in multiple genes) to increase one’s risk to develop ASD and SCZ (Table 3.1 and 

3.2, respectively), especially in sporadic cases. DNMs are a plausible explanation for the high 

incidence of the diseases worldwide that remain constant despite different cultures, variability in 

environmental factors and reduced fitness (26). The network hypothesis states that the genetics 

of SCZ and ASD (and potentially other diseases of complex inheritance) can be explained when 

affected individuals accumulate de novo and inherited mutations within a susceptibility network 

(or a subset of it), which increases the individual’s liability to reach the CDT and express the 

disease. In both familial and sporadic cases, we believe it is possible that parents are unaffected 

because the mutation load of ASD genes in each of them is not sufficient to reach the CDT 

however the child is affected after inheriting a high mutation load in the network from both 

parents and the occurrence of DNMs.  

 

Network hypothesis is not supported in autism 

Our results do not support the network hypothesis for ASD; we find that there is no 

difference in the mutation load in ASD susceptibility genes between probands and the average 

mutation load in parents. However, when we compared the mutation load in ASD genes in 

sibpairs, we observed that unaffected siblings were enriched in functional variants in the de novo 

ASD network (p = 0.02), the TADA network (p = 0.0008) and the randomly selected HC control 

genes (p = 7.36x10-6), respectively. We explored and confirmed that there is a systematic bias for 
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a significant enrichment of functional variants in unaffected siblings occurring throughout the 

exome (Figure 3.2A) and that this bias is not specific to the selected networks of ASD 

susceptibility genes and HC control genes.  

We explored if there was a discrepancy in sequencing depth between affected and 

unaffected siblings since depth of sequencing is indicative of genotype quality and calling 

accuracy (83) and could influence the number of variants that are called. We report that on 

average, probands were sequenced with a similar depth to their unaffected siblings when 

considering positions with functional variants in the ASD susceptibility network. We applied 

stricter filtering criteria to remove variants with very low or very high depth of sequencing in 

order to limit false positives, and repeated the permutation analysis using functional variants in 

the whole exome (Figure 3.2B). Although the p-values were generally higher, the distribution 

remained skewed indicating that we did not fully correct the bias in mutation load of functional 

variants between sibpairs by applying our stricter filtering criteria.  

However, when we controlled for the effect of depth of sequencing through conditional 

logistic regression using the original filtering criteria, we find that probands had significantly 

fewer variants in the ASD network relative to unaffected siblings (Table 3.6A). This 

counterintuitive significant difference in the mutation load of ASD genes between sibpairs no 

longer remained once we applied our stricter filtering criteria and controlled for depth of 

sequencing in a subsequent conditional logistic regression (Table 3.6B). We do not have 

evidence to support the network hypothesis for ASD at this time. 

 

Evidence to support the network hypothesis in schizophrenia 

We tested the network approach using 35 local trios and report nonsignificant results, 
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potentially due to a small sample size. In two larger independent SCZ datasets, we show that 14 

genes reported to carry DNMs in schizophrenic patients, were enriched in functional variants 

relative to familial controls (p = 0.04) and external controls (p = 0.02), while randomly selected 

HC control genes were not (p = 0.23 and p = 0.09, respectively). Moreover, in the 598 trios we 

showed that none of the functional variants that the probands had in the SCZ susceptibility genes 

were DNMs. Our results support that DNM literature can be used to identify susceptibility genes 

but variants transmitted from parents are also important in disease risk and may be sufficient to 

cause disease. We argue that affected individuals already have a high mutation load of 

transmitted variants in the network and the DNM is a final hit that causes the individual to reach 

the CDT.  

The network hypothesis is a plausible explanation for some of the genetic heterogeneity of 

SCZ but requires further inquiry to be consolidated. We believe that affected individuals 

accumulate inherited and de novo variants in the SCZ network and reach the CDT. However, it is 

possible that two affected individuals have different mutational profiles meaning that although 

they require a certain number of variants to reach the CDT, the specific susceptibility genes 

contributing to their condition may vary from one individual to the other (even among affected 

individuals from the same family). Since every affected individual can vary in the subset of 

susceptibility genes with mutations from the overall network, this may explain the relatively low 

yield of replicable susceptibility loci identified by SCZ linkage studies. In the example pedigree 

(Supplementary Figure 4.1) with no clear mode of inheritance, the children of the couple from 

the first generation (II-1 and II-3) are unaffected despite having an affected father. According to 

our hypothesis, it is possible that the children were unaffected because the mutation load in the 

SCZ susceptibility genes transmitted by both parents was not sufficient to reach the CDT. In 
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contrast, the unaffected parents from the second generation (II-1 and II-2) have an affected child. 

The affected child (III-2) inherits a high mutation load in their SCZ susceptibility genes (and 

possible DNMs occur), although the mutation load in each of the parents is not sufficient for 

them to be affected.  

Although not considered here, other genetic variants such as CNVs, rare relatively 

deterministic genes, some chromosomal anomalies and environmental factors also contribute to 

the genetic heterogeneity of SCZ. Similarly, in utero and postnatal environmental threats are also 

interacting with genetics to increase one’s predisposition to disease. A nested case-control study 

interested in determining the effect of maternal infection (in this case influenza) on SCZ risk 

investigated birth records in California between 1959 and 1966 and determined the diagnosis of 

children 40 years later. After confirming the presence of influenza anti-body in maternal serum, 

individuals exposed to influenza in the first trimester had a 7-fold increase risk for SCZ (84). 

Although viruses do not usually penetrate the placenta, it is believed that maternal immune 

response indirectly impacts the fetus through exposure to proinflammatory cytokines. The 

investigation of 17 adult SCZ cases that were exposed to increased level of interluken-8 in utero 

had changes to the structure of their brain recoded by magnetic resonance imaging that was 

consistent with SCZ (85). Bobetsis et al, identified 74 fetal genes that were epigenetically 

misregulated by bacterial infection in a mouse model (86). Epidemiological studies have found 

evidence that difficult social environments such as severe bullying could increase one’s risk for 

psychosis 2-fold (87). Thus, it would be important to consider association of environment and 

genetic predispositions in the network hypothesis as the same number of genetic hits in 

susceptibility genes may have different impact in two individuals exposed to different 

environmental stressors.  
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Our results provide preliminary evidence to support the network hypothesis in SCZ using 14 

susceptibility genes identified by WES studies reporting an enrichment of DNMs in affected 

individuals. It is likely that we have identified a small portion of the SCZ susceptibility network, 

given that we have selected genes based on the incidence of rare DNMs and current studies 

estimate 100 - 1000 susceptibility genes. In an effort to identify additional susceptibility genes, 

we identified the genes responsible for single-gene conditions with published evidence that (in 

some patients) they are characterized by SCZ-like signs or symptoms. These genes were inputted 

in Genemania to identify functionally related genes which could constitute potential 

susceptibility genes. Genes with significant ORs were prioritized and included in the expanded 

network. There was no difference in the mutation load of the expanded SCZ susceptibility 

network between SCZ probands and the average mutation load in parents (p = 0.19), thus we do 

not find any evidence to support the hypothesis in the expanded gene network. According to our 

hypothesis, variants of most low effect present in many genes interact cooperatively to cause 

disease. Thus, it is not unusual that many genes considered for the expanded SCZ network did 

not have exceedingly high ORs ranging from 1 to 2 (i.e. many more variants in affected 

individuals relative to unaffected individuals). This is a potential limitation in our ability to 

prioritize novel susceptibility genes.  
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Supplementary Figure 
 
Supplementary Figure 4.1 Example schizophrenia pedigree 
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Chapter 5: Conclusions and Future Directions 

We provide preliminary evidence for the hypothesis in SCZ and we report the importance 

of inherited variants from both parents within the network of susceptibility genes for an 

individual to reach the CDT. We believe that affected individuals have variants in different 

combinations of genes within the susceptibility network, which may explain the heterogeneity of 

the disease and the inability of linkage and association studies to find genetic risk factors of 

major effect. The network hypothesis is not supported for ASD since there was no difference in 

the mutation load of ASD susceptibility genes between probands and unaffected family members 

when controlling for the effect of sequencing depth. To rule out if these null results are specific 

to our dataset, further testing of the network hypothesis would be required in an independent 

family-based dataset. Although we did not have approved access to an ASD case control dataset, 

this design would emphasize the difference in the network mutation load between affected and 

unaffected individuals because they do not share a family history. We could then determine if 

affected individuals have a higher network mutation load as compared to the unrelated 

unaffected individuals.  

The focus of future research should be to replicate our findings for SCZ and to test the 

hypothesis for ASD using independent datasets. Given the genetic complexities of these 

disorders, it would be interesting to identify additional susceptibility genes by repeating our 

approach (OMIM search and Genemania) in larger datasets or to explore novel approaches to 

identify risk genes such as TADA (82). In this project, we analyzed rare SNVs and indels, which 

were assumed to be of equal weight when calculating the mutation load. Evidence suggests that 

other types of variants such as CNVs and common variants contribute to ASD and SCZ. Krumm 

et al. determined that the burden of rare inherited CNVs, de novo CNVs and de novo likely gene 
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disruptive SNVs were independent risk factors in ASD using a logistic regression model (76). In 

the future, we should incorporate different classes of variants in the network hypothesis and to 

assign differential weights to each class of variant based on our understanding of the relative 

functional impact and their effect on risk when calculating the mutation load so that we can more 

accurately model an individual’s ability to reach the CDT. Importantly, epidemiological studies 

have identified many environmental risk factors (albeit in utero or postnatal) implicated in SCZ 

and ASD that often interact with genetics to exasperate risk that have not been considered in this 

work. These environmental risk factors should be considered in future work.  
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