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Abstract 

Heterozygous deletions in the 15q13.3 region are associated with several neuropsychiatric disorders 

including autism, schizophrenia, and attention deficit hyperactivity disorder. Several genes within the 

15q13.3 deletion region may play a role in neuronal dysfunction, based on association studies in 

humans and functional studies in mice, but the intermediate molecular mechanisms remain unknown. 

We analyzed the genome-wide effects of the 15q13.3 microdeletion on the transcriptome and 

epigenome. Induced pluripotent stem cell (iPSC) lines from three patients with the typical heterozygous 

15q13.3 microdeletion and three sex-matched controls were generated and converted into induced 

neurons (iNs) using the neurogenin-2 induction method. We analyzed genome-wide gene expression 

using RNA-Seq, genome-wide DNA methylation using SeqCap-Epi, and genome-wide chromatin 

accessibility using ATAC-Seq, in both iPSCs and iNs. In both cell types, gene copy number change 

within the 15q13.3 microdeletion was accompanied by significantly decreased gene expression and no 

compensatory changes in DNA methylation or chromatin accessibility, supporting the model that 

haploinsufficiency of genes within the deleted region drives the disorder. Further, we observed global 

effects of the deletion on the transcriptome and epigenome, with the effects being cell type specific and 

occurring at discrete loci. Several genes and pathways associated with neuropsychiatric disorders and 

neuronal development were significantly altered, including Wnt signaling, ribosome biogenesis, DNA 

binding, and clustered protocadherins. This molecular systems analysis of a large neuropsychiatric 

microdeletion can also be applied to other brain relevant chromosomal aberrations to further our 

etiological understanding of neuropsychiatric disorders. 
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Introduction 

 The neuropsychiatric 15q13.3 microdeletion (OMIM 612001) is a heterozygous deletion of 

approximately 1.5-2 Mb at coordinates 30.5 Mb to 32.5 Mb on chromosome 15 (hg19) [1]. The 

deletion breakpoints lie within two regions of segmental duplications, which likely mediate the creation 

of the recurrent microdeletion via non-allelic homologous recombination [2]. The 15q13.3 

microdeletion has an estimated prevalence of 1 in 40,000 individuals, and was first reported in 2008, in 

nine individuals with mental retardation, seizures, and mild facial dysmorphism [3]. Since then, several 

other phenotypes have been associated with this copy number variant (CNV), including autism 

spectrum disorder, schizophrenia, mood disorders, attention deficit hyperactivity disorder, hypotonia, 

and cardiac defects [1,4,5]. 

 The most common form of the 15q13.3 microdeletion, which is the subject of our study, results 

in the heterozygous loss of seven protein-coding genes (CHRNA7, FAN1, TRPM1, KLF13, OTUD7A, 

MTMR10, ARHGAP11B) and one microRNA (MIR211) [4]. Several of these genes have previously 

been investigated as candidates for having a role in the neuropsychiatric symptoms associated with the 

CNV. The most frequently proposed candidate gene is CHRNA7, which encodes a nicotinic 

acetylcholine receptor and whose copy number change has been tied to reduced calcium flux in neural 

progenitor cells [6]. CHRNA7 expression changes in postmortem brain tissues have also been 

associated with schizophrenia [7], autism [8], and bipolar disorder [9]. Another possible candidate is 

OTUD7A, a deubiquitinase gene that in mouse models has been associated with reduced neuronal 

spine density, abnormal electroencephalography activity, and changes in ultrasonic vocalization and 

acoustic startle response [10,11]. Two other candidates genes in the deletion region are FAN1, a DNA 

repair nuclease that has nonsynonymous single nucleotide variants associated with both schizophrenia 

and autism [12,13]; and ARHGAP11B, a hominin-specific gene that increased basal progenitor cell 

generation in a mouse model, and that has been hypothesized to be a contributor to the evolutionary 

expansion of the human neocortex [14]. 
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 While previous studies have explored the role that individual genes within the 15q13.3 

microdeletion may play in neuronal dysfunction, little is known about which downstream genes and 

molecular mechanisms are affected and how they contribute to the associated neuropsychiatric 

symptoms. To date, only one study has characterized the transcriptome-wide effects of the 15q13.3 

microdeletion in human tissue, and this analysis was performed in non-neuronal (lymphoblastoid) cells 

[15]. Current knowledge is even more limited concerning the epigenetic changes associated with this 

CNV. Investigating whether the 15q13.3 microdeletion has genome-wide effects on different levels of 

genome regulation, such as DNA methylation and chromatin accessibility, will likely provide a better 

mechanistic understanding of this microdeletion, given that epigenetic processes play a key role in 

brain development and are dysregulated in a number of neuropsychiatric disorders, including major 

depressive disorder, autism, Rett syndrome, and schizophrenia [16]. 

 In the present study, we analyzed the changes in expression, DNA methylation and chromatin 

accessibility in induced pluripotent stem cells (iPSCs) and iPSC-derived induced neurons (iNs) with 

the most common form of the 15q13.3 microdeletion. Due to the difficulty of accessing primary human 

brain tissues, iPSCs provide a useful model for studying the molecular effects of neuropsychiatric 

disorders. iPSCs can be reprogrammed from patient tissues and then differentiated into relevant cell 

types such as neurons. The use of iPSCs also allows us to follow the molecular effects of the 15q13.3 

microdeletion during early neuronal development, which is not feasible with primary brain tissues. We 

observed genome-wide changes on all three levels of functional genomics analysis; these changes were 

cell type specific and many of them occurred at discrete loci. Our results revealed effects on 

neuropsychiatric candidate genes, gene families, and pathways linked to neuronal dysfunction, 

including Wnt signaling, cell adhesion, DNA binding, and protein synthesis. 
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Materials and Methods 

Human Subjects 

Fibroblasts derived from skin biopsies were obtained from three patients with the most common 

15q13.3 microdeletion and three sex-matched controls (Fig. 1a). Samples were obtained after informed 

consent was given by all subjects and were subsequently de-identified. All procedures were approved 

by the Stanford University Institutional Review Board. 

Generation of iPSCs and induced neurons (iNs) 

 iPSCs were generated from fibroblasts using Sendai viral vectors from the CytoTune-iPS 2.0 

Sendai Reprogramming Kit (Life Technologies, Carlsbad, CA, USA). Induced neurons (iNs) were 

differentiated from iPSCs using the neurogenin-2 induction method [17]. Day 6 iNs were collected for 

downstream analysis (Fig. 1b). See Supplementary Information for further details. 

Immunocytochemistry 

 iPSCs were stained with the pluripotency markers Nanog, Tra-1-60, and SSEA-4. Day 6 iNs 

were stained with the neuronal identity markers TUJ1, VGLUT1, and MAP2. See Supplementary 

Information for further details. 

DNA sequencing 

 Genomic DNA was isolated from fibroblasts using the Quick-DNA Universal Kit (Zymo 

Research, Irvine, CA, USA). DNA libraries were generated using the TruSeq DNA Nano Library kit 

(Illumina, San Diego, CA, USA) and sequenced on the Illumina HiSeq X using 2×150 bp paired-end 

runs. Sequencing reads were mapped to GRCh37 using BWA [18]. BEDtools [19] was used to convert 

genomic coordinates to GRCh38 and calculate read depth coverage within the 15q13.3 microdeletion 

region. 

RNA sequencing 

 RNA libraries were prepared using the NEBNext Ultra Directional RNA Library preparation kit 

(New England Biolabs, Ipswich, MA, USA) and sequenced on the Illumina NextSeq 500. Reads were 
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mapped to GRCh38 using Tophat [20] and differential expression analysis was performed using 

DESeq2 [21]. WebGestalt and Ingenuity Pathway Analysis (QIAGEN Inc.) were used for gene set 

enrichment analysis and over-representation analysis [22]. See Supplementary Information for further 

details. 

Genome-wide targeted-capture DNA methylation sequencing 

 Libraries for DNA methylation were prepared using the SeqCap Epi System (Roche, Basel, 

Switzerland) and sequenced on the Illumina HiSeq 4000. Reads were aligned to GRCh38 using Bowtie 

2 [23], DNA methylation ratios for CpGs were called by Bismark [24], and differentially methylated 

regions (DMRs) were identified using Metilene [25]. Gene set enrichment analysis was performed on 

lists of DMR-associated genes using WebGestalt [22]. See Supplementary Information for further 

details. 

Assay for transposase-accessible chromatin (ATAC) sequencing 

 ATAC-Seq libraries were generated as previously described [26] and sequenced on the Illumina 

NextSeq 500. Reads were mapped to GRCh38 with Bowtie2 [23] and peaks were called using MACS2 

[27]. Differential chromatin accessibility analysis was performed using Diffbind [28]. Homer motif 

enrichment analysis [29] was performed using a list of differentially open promoters and a custom 

motif file, generated as previously described [30]. See Supplementary Information for further details. 

Correlation analysis 

 We calculated the pairwise correlations between gene expression log2 fold change, mean 

methylation difference, and chromatin accessibility log2 fold change, using genes that were significant 

(padj <= 0.05) in at least one of the data sets within each pairwise comparison. For the Methyl-Seq and 

ATAC-Seq analysis, only genes with significant DMRs or peaks in the promoter (region from 

transcriptional start site to 2 kb upstream) were included.  
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Results 

Characterization of 15q13.3 iPSCs and iNs 

 To study the molecular effects of the 15q13.3 microdeletion, we carried out genome-wide 

analyses of patterns of gene expression, DNA methylation, and chromatin accessibility in iPSCs and 

iNs from three patients with the 15q13.3 microdeletion and three sex-matched controls. The presence 

of heterozygous deletions at the 15q13.3 locus in the patient fibroblast samples was confirmed using 

read depth coverage from whole genome sequencing (Fig. 1c). The deletions in all three samples had 

similar breakpoints and were all approximately 1.5 Mb in size, the most common deletion size found in 

15q13.3 deletion patients. 

 iPSCs were generated from fibroblast lines using the CytoTune-iPS Sendai Reprogramming Kit 

and stained positive for the pluripotency markers SSEA4, TRA-1-60, and Nanog (Fig. 1d). Induced 

neurons (iNs) were generated from iPSCs via the neurogenin-2 induction method. Day 6 iNs exhibited 

neurite morphology and stained positive for the neuronal markers TUJ1, VGLUT1, and MAP2 (Fig. 

1e). Gene set enrichment analysis also showed that genes involved in neuronal processes were up-

regulated in iNs compared with iPSCs (Fig. 1f). 
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Figure 1. Generation and characterization of CNV lines. (a) Information on donors of fibroblasts, 
including age, sex, and genotype. (b) Induced neuron generation timeline. (c) Sequencing read depth of 
fibroblast samples. (d) Immunocytochemistry for the pluripotency markers Nanog, TRA-1-60, and 
SSEA-4 on iPSCs (scale bar: 200 μm). (e) Immunocytochemistry for the neuronal markers MAP2, 
TUJ1 and VGLUT1 on day 6 induced neurons (scale bar: 200 μm). (f) Significant gene ontology 
biological process terms from gene set enrichment analysis of genes differentially expressed between 
iPSCs and iNs (top 10 based on normalized enrichment score) 
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Transcriptional impact of the 15q13.3 microdeletion 

 We performed RNA-Seq on six 15q13.3 deletion clonal lines (3 individuals, 2 clones per 

individual) and six control clonal lines (3 individuals, 2 clones per individual) at the iPSC and iN stages 

to determine the effects of the heterozygous 15q13.3 microdeletion on expression both within the 

deletion and genome-wide. We first looked for evidence of haploinsuffiency or dosage compensation 

within the 15q13.3 microdeletion, which contains seven protein-coding genes. In iPSCs, five genes, 

KLF13, MTMR10, OTUD7A, FAN1, and ARHGAP11B, showed significantly decreased gene 

expression in 15q13.3 deletion cases (padj <= 0.05). Additionally, CHRNA7 was expressed at very low 

levels and was non-significantly decreased in deletion cases (Fig. 2a). In iNs, six genes, KLF13, 

MTMR10, OTUD7A, FAN1, ARHGAP11B, and CHRNA7, were significantly decreased in 15q13.3 

deletion cases (padj <= 0.05). The gene TRPM1 was not detected above threshold levels in iPSCs or 

iNs (Figs. 2a, b). We also analyzed the gene expression data set for a position effect, in which genes 

located near but outside the 15q13.3 microdeletion are affected. In both iPSCs and iNs, no significant 

enrichment was observed for genes within 5 Mb from the 15q13.3 deletion. Using Webgestalt, we 

carried out an analysis to determine if any cytogenetic bands were enriched in differentially expressed 

genes. As expected, the 15q13.3 locus was enriched in both iPSCs and iNs (padj <= 0.05). In addition, 

the locus 10q11.2 was significantly enriched in iPSCs. One of the differentially expressed genes within 

this region is GPRIN2, which regulates neurite outgrowth and has been identified as being affected by 

copy number variation in several patients with autism [31]. 

 We observed genome-wide changes in the expression of genes as a result of the 15q13.3 

microdeletion. 178 genes were differentially expressed (DE) between 15q13.3 deletion cases and 

controls at the iPSC stage and 369 genes were DE at the iN stage (Figs. 2c, d and Supplementary 

Tables S1, S2). The much larger number of DE genes at the iN level compared with the iPSC level 

suggests the 15q13.3 microdeletion may have stronger downstream effects in a more relevant cell type 

with regard to the associated neuropsychiatric phenotypes. Out of 41 genes overlapping between the 
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iPSC and iN DE gene lists, all showed the same direction of fold change in gene expression except for 

S100A10, which shifted from decreased expression in deletion cases for iPSCs to increased expression 

in deletion cases for iNs. S100A100, a member of the S-100 family of calcium binding proteins, is 

involved in depression-like behaviors through regulation of serotonin receptor activity [32]. At the iN 

stage, a number of genes were identified as differentially expressed that have been previously 

implicated in neuropsychiatric disorders associated with the 15q13.3 microdeletion. These genes 

include VIPR2, PRODH, and DGCR6 for schizophrenia [33–35]; CACNG3, SCN8A, SPATA5, and 

KCNA2 for epilepsy [36–39]; and LINS1 and DCPS for intellectual disability [40–42]. 

 Using the lists of differentially expressed genes (padj <= 0.05), we performed gene set 

enrichment analysis using Webgestalt. In iPSCs, no gene ontology molecular function terms were 

significantly enriched. In iNs, we identified several significant gene ontology molecular function terms, 

with the top terms grouping into the categories of ribosome function, nucleic acid binding, Wnt 

binding, and sulfur compound binding (Fig. 2e). In addition, we performed over-representation analysis 

using Ingenuity Pathway Analysis (IPA) to identify enriched canonical pathways. Within iNs, there was 

an enrichment of the EIF2 signaling pathway, which is involved in translational control (padj <= 0.05). 

The genes driving this enrichment, which were all significantly up-regulated in 15q13.3 deletion 

samples, included AGO2, which plays a key role in RNA interference; EIF2AK2, a kinase that 

phosphorylates translation initiation factor EIF2S1; and 12 ribosomal protein genes (Fig. 2f). 
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Figure 2. Gene expression changes within the 15q13.3 microdeletion and genome-wide. (a, b) 
Log2 fold change of protein-coding 15q13.3 genes in deletion samples compared with controls in 
iPSCs and iNs (95% confidence interval shown). (c, d) Manhattan plots of RNA-Seq genes in iPSCs 
and iNs, with the red threshold line indicating 0.05 FDR significance. (e) Significant gene ontology 
molecular function terms from gene set enrichment analysis of differentially expressed iN genes (padj 
<= 0.05), sorted by normalized enrichment score. (f) Log2 fold change of EIF2 signaling genes 
differentially expressed in deletion iNs compared with control iNs (95% confidence interval shown). 
 
DNA methylation analysis 

 We performed genome-wide targeted-capture bisulfite sequencing on the same cohort of cell 

lines used for gene expression analysis (six 15q13.3 deletion clonal lines and six control clonal lines at 

the iPSC and iN stages). One iN control line was excluded from final analysis due to clustering with 

iPSCs rather than iNs. Within the 15q13.3 microdeletion, no differentially methylated regions (DMRs) 

were identified in iPSCs or iNs with the exception of one DMR located in the gene body of non-coding 

RNA LINC02352. The absence of significant DNA methylation changes in the 15q13.3 genes was 

consistent with the lack of dosage compensation seen in the gene expression data. In addition, we did 

not observe an enrichment in DMRs within 5 Mb of the 15q13.3 microdeletion. 
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 Genome-wide, 416 DMRs were identified in iPSCs and were annotated to 147 promoter 

regions, 404 gene bodies, and 77 intergenic regions (Figs. 3a, c and Supplementary Table S3). At the iN 

level, 408 DMRs were identified and annotated to 160 promoter regions, 277 gene bodies, and 80 

intergenic regions (Figs. 3b, d and Supplementary Table S4). After assigning each gene to a unique 

DMR, we obtained a list of 355 differentially methylated genes in iPSCs and 365 differentially 

methylated genes in iNs. The effect direction for the mean methylation difference between cases and 

controls was concordant for 215 out of 216 genes differentially methylated in both iPSCs and iNs, 

suggesting a high degree of similarity in DNA methylation patterns between the two tissues. The one 

exception that was non-concordant was a gene associated with two different DMRs in the two tissue 

types. 

 We performed gene set enrichment analysis using the lists of DMR-associated genes. In both 

iPSCs and iNs, we observed an enrichment in the gene ontology biological process (GOBP) category of 

cell-cell adhesion via plasma-membrane adhesion molecules (GO:0098742). Under the category of 

PANTHER pathways, both the cadherin signaling pathway (P00012) and the Wnt signaling pathway 

(P00057) were enriched in iPSCs and iNs (Figs. 3e, f). The enriched PANTHER and GOBP terms were 

mainly driven by a large number of DMRs located near protocadherins (PCDHs) (Figs. 3g, h, i), which 

are cell-adhesion proteins primarily expressed in the developing nervous system [43]. PCDHs have 

been directly implicated in several neuronal disorders, including epilepsy, autism, and schizophrenia 

[44]. Specifically, differential methylation of PCDHs has been observed in a number of 

neurodevelopmental disorders, including Down syndrome, Williams-Beuren syndrome, 7q11.23 

duplication syndrome, and depression [45]. Besides the protocadherin-related pathways, we also 

observed an enrichment in two other neuronally related categories within iNs: the KEGG category of 

nicotine addition (hsa05033) and the gene ontology molecular function category of GABA receptor 

activity (GO:0016917) (Fig. 3f). 
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Figure 3. Differentially methylated regions (DMRs) in 15q13.3 deletion versus control cell lines. 
(a, b) Genome-wide distribution of DMRs in iPSCs and iNs. DMRs above red threshold line have 
>=0.1 mean methylation difference and padj <= 0.05. Arrows indicate PCDH gene clusters. (c, d) 
DMRs in iPSCs and iNs, split by DMR location, direction of mean methylation difference and 
direction of expression change in nearest gene. (e, f) Significant terms from gene set enrichment 
analysis of differentially methylated genes in iPSCs and iNs, sorted by normalized enrichment score. 
(g, h, i) DMRs located near the (g) alpha, (h) beta and (i) gamma PCDH families. DMRs are colored 
red for higher mean methylation in deletion samples and blue for lower. 
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Chromatin accessibility analysis 

 We examined chromatin accessibility in three 15q13.3 deletion lines (3 individuals, 1 clone per 

individual) and three control lines (3 individuals, 1 clone per individual) at the iPSC and iN stage. In 

iPSCs, the average chromatin accessibility log2 fold change was -1.039 within the 15q13.3 region and 

0.011 genome-wide. In iNs, the average chromatin accessibility log2 fold change was -0.905 within the 

15q13.3 region and -0.003 genome-wide. In both cases, this represented the loss of one copy number 

within the 15q13.3 deletion region. Within 5 Mb of the deletion, we did not observe any enrichment in 

differentially accessible peaks. 

 Genome-wide, we identified 50 differentially accessible peaks in iPSCs and 72 peaks in iNs 

(Figs. 4a, b and Supplementary Tables S5, S6). These peaks were annotated to 9 promoter regions, 21 

gene bodies, and 22 intergenic regions in iPSCs and to 14 promoter regions, 23 gene bodies, and 40 

intergenic regions in iNs (Figs. 4c, d). After assigning each gene to a unique peak, we identified 45 

differentially accessible genes in iPSCs and 68 differentially accessible genes in iNs. Five genes were 

differentially accessible in both tissues, all with a concordant direction of effect for the chromatin 

accessibility change between cases and controls. 

 We next examined transcription factor binding sites (TFBSs) enriched in a list of differentially 

open promoters, generated as previously described [30]. In iPSCs, three enriched motifs (pval<=10-12) 

were associated with transcription factors that were expressed in the same tissue: ZNF711, MZF1, and 

MED1 (Fig. 4e). In iNs, five expressed transcription factors associated with enriched motifs 

(pval<=10-12) were similarly identified: MAX, ETV6, GRHL2, TWIST1, and SOX5 (Fig. 4f). Out of 

the eight transcription factors associated with enriched motifs across iPSCs and iNs, four (ZNF711, 

MZF1, MAX, SOX5) have been previously implicated in neuropsychiatric disorders. Variants in 

ZNF711 and MZF1 have been associated with non-syndromic intellectual disability and Alzheimer’s 

disease, respectively [46,47]. Genetic variants in SOX5 have been associated with a range of 

neuropsychiatric disorders, including major depressive disorder [48], amyotrophic lateral sclerosis [49], 
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Alzheimer's disease [50] and intellectual disability [51]. Lastly, the transcription factor MAX has been 

linked to depression-like behaviors in mouse models [52] and has been shown to be down-regulated in 

the dorsolateral prefrontal cortex of schizophrenia patients [53]. 

Figure 4. Differential chromatin accessibility peaks in 15q13.3 deletion versus control cell lines. 
(a, b) Genome-wide distribution of peaks identified from ATAC-Seq in iPSCs and iNs. Peaks above  
red threshold line have padj <=0.05. (c, d). Differentially accessible ATAC-Seq peaks in iPSCs and iNs, 
split by peak location, direction of chromatin accessibility change and direction of expression change in 
nearest gene. (e, f). Enriched motifs in iPSCs and iNs from de novo Homer analysis with p-value <= 
10-12, best match transcription factor expressed in the same tissue, and best match score >= 0.6. 
 
Correlation and overlap analysis 

 To determine if the RNA-Seq, Methyl-Seq and ATAC-Seq omics data sets exhibited a linear 

relationship, we calculated pairwise Pearson correlations between transcription, promoter-associated 

DNA methylation and promoter-associated chromatin accessibility. A weak positive correlation was 

seen between transcription and chromatin accessibility in both iPSCs (R=0.21, p=0.019) and iNs 

(R=0.27, p=2.5x10-6) (Figs. 5a, d). A weak negative correlation was seen between transcription and 

methylation in iNs (R=− 0.22, p =1.4x10-5) (Fig. 5e). The correlation between transcription and 
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methylation in iPSCs was also negative but was nonsignificant (R=-0.14, p=0.053) (Fig. 5b). A strong 

negative correlation was observed between methylation and chromatin accessibility in iPSCs (R=-0.67, 

p<2.2x10-16) and iNs (R=−0.64, p<2.2x10-16) (Figs. 5c, f). These trends were consistent with the 

expected positive correlation between chromatin accessibility and transcription, the expected negative 

correlation between DNA methylation and transcription, and the expected negative correlation between 

DNA methylation and chromatin accessibility. 

 We also calculated pairwise correlations between transcription, DNA methylation and 

chromatin accessibility, between the two tissue types. Between transcription and chromatin 

accessibility, no significant correlation was observed (Supplementary Figs. S1d, h). Between 

transcription and DNA methylation, a very weak negative correlation was observed (Supplementary 

Figs. S1e, i). A moderate to strong negative correlation was seen between methylation and chromatin 

accessibility between different tissue types (Supplementary Figs. S1f, g). Finally, we examined the 

correlation between tissue types within each omics analysis, e.g. between iPSC transcription and iN 

transcription. We observed a moderate positive correlation for transcription (R=0.56, p<2.6x10-16), a 

very strong positive correlation for DNA methylation (R=0.92, p< 2.2x10-16), and a very strong positive 

correlation for chromatin accessibility (R=0.84, p< 2.6x10-5) (Supplementary Figs. S1a, b, c). 
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Figure 5. Multi-omics correlation analysis. Correlation between (a, b) gene expression log2 fold 
change and chromatin accessibility log2 fold change, (c, d) gene expression log2 fold change and mean 
methylation difference and (e, f) mean methylation difference and chromatin accessibility log2 fold 
change. 
 
 Despite the significant linear correlation between the three omics data sets within each tissue 

type, the overlap in significant genes was very limited. Only 15 genes were significant across at least 

two omics data sets in iPSCs and 13 genes were significant across at least two data sets in iNs. A single 

gene, KCNH8, was significant in all three omics analyses for iNs. KCNH8 encodes a voltage gated 

potassium channel that is primarily expressed in the nervous system [54]. We also identified four genes 

that were significant in multiple omics data sets in both iPSCs and iNs. Interestingly, all four have been 

implicated in studies of neuropsychiatric disorders. These genes were CNTN4, a cell adhesion 

molecule associated with autism [55] and schizophrenia [56]; PCDHGA10, a member of the 

protocadherin family of cell adhesion proteins which has been implicated in schizophrenia and autism 

[44]; SLC39A4, a zinc transport protein known to be regulated by SHANK3, a highly penetrant risk 
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factor for autism [57]; and SORCS1, which alters amyloid precursor protein processing and is 

associated with Alzheimer’s disease [58]. 

Discussion 

 Our multi-omics analysis of iPSCs and iPSC-derived iNs carrying the 15q13.3 microdeletion 

allowed us to interrogate the global molecular impact of a large CNV that is strongly associated with a 

range of neuropsychiatric disorders. Within the 15q13.3 microdeletion, the genes CHRNA7, KLF13, 

MTMR10, OTUD7A, FAN1, and ARHGAP11B were expressed in both iPSCs and iNs. The remaining 

protein-coding gene in the region, TRPM1, was not expressed above threshold levels in iPSCs or iNs, 

which is in agreement with previous expression data suggesting it is primarily expressed in the retina 

[59]. In both iPSCs and iNs, all expressed genes had decreased expression in deletion samples, 

suggesting simple dosage sensitivity as a mechanism of action. We did not see significant changes in 

DNA methylation or chromatin accessibility within the deletion after accounting for the change in copy 

number, which was consistent with the lack of dosage compensation observed in the gene expression 

data. We also did not observe a position effect, in which genes near (within 5 Mb) but outside the CNV 

are affected. 

 We saw genome-wide changes in the expression, DNA methylation and chromatin accessibility 

patterns of iPSCs and iPSC-derived neurons as a result of the 15q13.3 microdeletion. In the pairwise 

correlation analyses of the omics data sets, DNA methylation had a negative correlation with both 

transcription and chromatin accessibility, whereas transcription and chromatin accessibility were 

positively correlated. The Pearson correlation between DNA methylation and chromatin accessibility 

was much stronger than their respective correlations with transcription. This trend held true even when 

comparing DNA methylation and chromatin accessibility across different tissues, and was likely due to 

the greater stability of the epigenome compared with gene expression. Both the direction and relative 

strength of correlation between these three omics layers were consistent with a recent study that 

profiled transcription, methylation and accessibility in mouse embryonic stem cells. In the promoter-
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associated pseudo-bulk data from that study, DNA methylation-accessibility had the highest correlation 

coefficient, followed by DNA methylation-transcription and accessibility-transcription [60]. 

 At the gene expression level, our analysis in iNs compared with the analysis in iPSCs revealed a 

greater number of changes in neuropsychiatric-related genes and pathways. Among the list of 

differentially expressed iN genes, two of particular interest were PRODH and DGCR6, which are 

major candidate genes in the 22q11.2 microdeletion, another large CNV like the 15q13.3 microdeletion 

that is strongly associated with increased risk of neuropsychiatric disorders [61]. From the gene set 

enrichment analysis, the gene ontology molecular function categories enriched in iNs included a 

number of processes tied to abnormal neurodevelopment, such as Wnt binding, ribosome biogenesis, 

and DNA binding. Wnt signaling plays an important role in a number of neurodevelopmental and 

neurophysiological processes, such as synapse assembly, neuronal generation and differentiation, and 

glutamatergic and GABAergic neurotransmission [62]. Changes in the expression of Wnt pathway 

components are associated with several neuronal disorders including schizophrenia, bipolar disorder, 

Alzheimer's disease, and autism [63]. Similarly, the dysregulation of ribosome biogenesis has been 

implicated in neuropsychiatric disorders in previous studies of postmortem brains [64,65], olfactory 

neurosphere derived cells [66], and neural progenitor cells [67]. Another enriched gene ontology 

category, damaged DNA binding, is also known to play a key role in neuropsychiatric disorders. 

Mutations in DNA repair genes have been linked to schizophrenia and autism [68], and oxidative 

stress, a major trigger of DNA damage, has been associated with a number of neuropsychiatric 

disorders including major depressive disorder, bipolar disorder, and schizophrenia [69]. 

 In our analysis of the epigenome, we also identified an enrichment in genes connected to Wnt 

signaling, although the specific genes involved did not significantly overlap with those affected at the 

gene expression level. In the DNA methylation analysis, the top PANTHER pathways enriched in both 

iPSCs and iNs were cadherin signaling and Wnt signaling. The genes differentially methylated in these 

pathways were primarily composed of protocadherins, a group of cell adhesion genes known to 

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


modulate the Wnt signaling pathway [70,71]. From the chromatin accessibility analysis, we also 

identified several transcription factors with known connections to Wnt signaling, including MZF1, 

whose transcription factor binding sites are enriched in promoters of Wnt pathway genes [72]; 

TWIST1, which is activated by canonical Wnt signaling [73]; and SOX5, which is associated with 

WNT signaling activity in human SH-SY5Y neuroblastoma cells [50]. 

 In addition to the convergence on the Wnt signaling pathway, our multi-omics analysis 

identified four genes (CNTN4, PCDHGA10, SLC39A4, SORCS1) enriched in multiple omics data sets 

in both iPSCs and iNs. All four genes have been previously associated with schizophrenia, autism, or 

Alzheimer’s disease. This enrichment of previously reported neuropsychiatric associated genes and 

pathways in the omics overlap analysis suggests that integrating multiple omics layers could help us 

narrow down on candidate genes and molecular networks for CNV-associated psychiatric disorders like 

the 15q13.3 microdeletion syndrome, which often have a high degree of variability at the phenotypic 

and likely molecular level. 

 Follow-up studies can now be conducted that will use more than the single neuronal cell type 

used here, which were early-stage induced neurons that can mature to resemble excitatory projection 

neurons. Given the diverse range of phenotypes associated with the 15q13.3 microdeletion, it would be 

beneficial in future studies to look at other neuronal cell types, which may be affected differently by the 

CNV, as well as their interactions with glial cells also carrying the microdeletion. 

 In conclusion, we generated iPSCs and iNs with the most common variant of the 15q13.3 

microdeletion, which provide a useful tool to study this large CNV as well as acting as an entry point 

for understanding the molecular etiology of major neuropsychiatric disorders in general. Our analysis 

of these cell lines showed that all expressed genes within the CNV region are down-regulated 

following the change in DNA copy number, supporting the model that haploinsufficiency of genes 

within the deleted regions forms the molecular basis of the observed phenotypes. Our analyses of gene 

expression, DNA methylation and chromatin accessibility revealed downstream changes that were both 
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global in nature and affecting discrete loci, genes, gene families and pathways, such as Wnt signaling, 

ribosome function, DNA binding, and cell adhesion, suggesting these molecular pathways may be 

disrupted in 15q13.3 microdeletion patients during brain development and brain function. Beyond the 

analysis of the 15q13.3 microdeletion, our study provides a blueprint for assaying the molecular 

consequences of large neuropsychiatric chromosomal aberrations in general. The many points of 

convergence with loci already associated with normal and abnormal brain function underline how the 

study of variants such as those on chromosome 15q13.3 can inform our general understanding of the 

molecular basis of neuropsychiatric disorders. 

Acknowledgements 

 We would like to thank Guangwen Wang from the Stanford Stem Cell Core for the generation 

of iPSCs and Javier Fernandez Alcudia from the Stanford Gene Vector and Virus Core for the 

production of lentiviruses for neurogenin-2 induction. 

 This work was supported by the National Science Foundation (SZ), NIH grants 

5P50HG007735-05 (AEU, WHW), 1R01HG010359-01A1 (WHW), 1DP2MH100010-01 (AEU), and 

March of Dimes Foundation Research Grant #6-FY13-142 (AEU). AEU is a Tashia and John 

Morgridge Faculty Scholar at the Stanford Child Health Research Institute. 

Author Contributions 

 SZ and AEU designed the study. SZ, XZ, SM, and WHW developed the analysis pipeline. SZ, 

JB, JH, CP and KD contributed to cell line generation and characterization. SZ performed the 

sequencing experiments and carried out the data analyses, with contributions from SM. SZ and AEU 

wrote the manuscript. 

Availability of data 

The data sets generated and analyzed in the current study are available at NCBI GEO GSE135131 

(token whobqkaghtyjbkf) and NCBI SRA PRJNA557485.  

Conflicts of interest 

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


The authors declare that there are no conflicts of interests regarding the publication of this paper. 

References 

1. van Bon BWM, Mefford HC, Menten B, Koolen DA, Sharp AJ, Nillesen WM, et al. Further 

delineation of the 15q13 microdeletion and duplication syndromes: a clinical spectrum varying from 

non-pathogenic to a severe outcome. Journal of Medical Genetics. 2009;46:511–23.  

2. Weise A, Mrasek K, Klein E, Mulatinho M, Llerena JC, Hardekopf D, et al. Microdeletion and 

Microduplication Syndromes. Journal of Histochemistry & Cytochemistry. 2012;60:346–358.  

3. Sharp AJ, Mefford HC, Li K, Baker C, Skinner C, Stevenson RE, et al. A recurrent 15q13.3 

microdeletion syndrome associated with mental retardation and seizures. Nature genetics. 

2008;40:322–328.  

4. Lowther C, Costain G, Stavropoulos DJ, Melvin R, Silversides CK, Andrade DM, et al. Delineating 

the 15q13.3 microdeletion phenotype: a case series and comprehensive review of the literature. 

Genetics in medicine�: official journal of the American College of Medical Genetics. 2015;17:1–9.  

5. Cubells JF, Deoreo EH, Harvey PD, Garlow SJ, Garber K, Adam MP, et al. Pharmaco-genetically 

guided treatment of recurrent rage outbursts in an adult male with 15q13.3 deletion syndrome. 

American Journal of Medical Genetics, Part A. 2011;155:805–810.  

6. Gillentine MA, Yin J, Bajic A, Zhang P, Cummock S, Kim JJ, et al. Functional Consequences of 

CHRNA7 Copy-Number Alterations in Induced Pluripotent Stem Cells and Neural Progenitor Cells. 

The American Journal of Human Genetics. 2017;101:874–887.  

7. Freedman R, Hall M, Adler LE, Leonard S. Evidence in postmortem brain tissue for decreased 

numbers of hippocampal nicotinic receptors in schizophrenia. Biological Psychiatry. 1995;38:22–33.  

8. Ray MA, Graham AJ, Lee M, Perry RH, Court JA, Perry EK. Neuronal nicotinic acetylcholine 

receptor subunits in autism: An immunohistochemical investigation in the thalamus. Neurobiology of 

Disease. 2005;19:366–377.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


9. Thomsen MS, Weyn A, Mikkelsen JD. Hippocampal alpha7 nicotinic acetylcholine receptor levels in 

patients with schizophrenia, bipolar disorder, or major depressive disorder. Bipolar Disorders. 

2011;13:701–707.  

10. Uddin M, Unda BK, Kwan V, Holzapfel NT, White SH, Chalil L, et al. OTUD7A Regulates 

Neurodevelopmental Phenotypes in the 15q13 . 3 Microdeletion Syndrome. The American Journal of 

Human Genetics. 2018;102:278–295.  

11. Yin J, Chen W, Chao ES, Soriano S, Wang L, Wang W, et al. Otud7a Knockout Mice Recapitulate 

Many Neurological Features of 15q13 . 3 Microdeletion Syndrome. The American Journal of Human 

Genetics. 2018;102:296–308.  

12. Ionita-Laza I, Xu B, Makarov V, Buxbaum JD, Roos JL, Gogos J a., et al. Scan statistic-based 

analysis of exome sequencing data identifies FAN1 at 15q13.3 as a susceptibility gene for 

schizophrenia and autism. Proceedings of the National Academy of Sciences. 2014;111:343–348.  

13. Zhou W, Otto EA, Cluckey A, Airik R, Hurd TW, Chaki M, et al. FAN1 mutations cause 

karyomegalic interstitial nephritis, linking chronic kidney failure to defective DNA damage repair HHS 

Public Access Author manuscript. Nat Genet. 2013;44:910–915.  

14. Florio M, Albert M, Taverna E, Namba T, Brandl H, Lewitus E, et al. Human-specific gene 

ARHGAP11B promotes basal progenitor amplification and neocortex expansion. 2015;  

15. Le Pichon J-B, Yu S, Kibiryeva N, Graf WD, Bittel DC. Genome-wide gene expression in a patient 

with 15q13.3 homozygous microdeletion syndrome. European journal of human genetics�: EJHG. 

2013;21:1093–9.  

16. Kuehner JN, Bruggeman EC, Wen Z, Yao B. Epigenetic regulations in neuropsychiatric disorders. 

Frontiers in Genetics. 2019;10:1–30.  

17. Zhang Y, Pak C, Han Y, Ahlenius H, Zhang Z, Marro S, et al. Rapid Single-Step Induction of 

Functional Neurons from Human Pluripotent Stem Cells. 2013;78:785–798.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


18. Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler transform. 

Bioinformatics. 2010;26:589–595.  

19. Quinlan AR, Hall IM. BEDTools: A flexible suite of utilities for comparing genomic features. 

Bioinformatics. 2010;26:841–842.  

20. Trapnell C, Pachter L, Salzberg SL. TopHat: Discovering splice junctions with RNA-Seq. 

Bioinformatics. 2009;25:1105–1111.  

21. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq 

data with DESeq2. Genome Biology. 2014;15:1–21.  

22. Wang J, Vasaikar S, Shi Z, Greer M, Zhang B. WebGestalt 2017�: a more comprehensive , 

powerful , flexible and interactive gene set enrichment analysis toolkit. 2017;45:130–137.  

23. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature methods. 

2012;9:357–9.  

24. Krueger F, Andrews SR. Bismark: A flexible aligner and methylation caller for Bisulfite-Seq 

applications. Bioinformatics. 2011;27:1571–1572.  

25. Jühling F, Kretzmer H, Bernhart SH, Otto C, Stadler PF, Hoffmann S. Metilene: Fast and sensitive 

calling of differentially methylated regions from bisulfite sequencing data. Genome Research. 

2016;26:256–262.  

26. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition of native chromatin 

for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome 

position. Nature Methods. 2013;10:1213–1218.  

27. Bernstein BE, Brown M, Johnson DS, Liu XS, Nussbaum C, Myers RM, et al. Model-based 

Analysis of ChIP-Seq (MACS). Genome Biology. 2008;9:R137.  

28. Stark R, Brown G. DiffBind: differential binding analysis of ChIP-Seq peak data [Internet]. 2011. 

Available from: http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf 

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


29. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple combinations of lineage-

determining transcription factors prime cis-regulatory elements required for macrophage and B cell 

identities. Mol Cell. 2010;38:576–89.  

30. Duren Z, Chen X, Jiang R, Wang Y, Wong WH. Modeling gene regulation from paired expression 

and chromatin accessibility data. Proceedings of the National Academy of Sciences. 2017;114:E4914–

E4923.  

31. Banihashemi S, Tafakhori A, Najmabadi H, Jamshidi J, Jamali P, Mofidi Tehrani HF, et al. Copy 

Number Variants in Patients with Autism and Additional Clinical Features: Report of VIPR2 

Duplication and a Novel Microduplication Syndrome. Molecular Neurobiology. 2016;54:7019–7027.  

32. Hedhli N, Falcone DJ, Huang B, Cesarman-Maus G, Kraemer R, Zhai H, et al. The Annexin 

A2/S100A10 System in Health and Disease: Emerging Paradigms. Journal of Biomedicine and 

Biotechnology. 2012;2012:1–13.  

33. Hosak L. New findings in the genetics of schizophrenia. World journal of psychiatry. 2013;3:57–61.  

34. Levinson DF, Duan J, Oh S, Wang K, Sanders AR, Shi J, et al. Copy Number Variants in 

Schizophrenia: Confirmation of Five Previous Findings and New Evidence for 3q29 Microdeletions 

and VIPR2 Duplications. American Journal of Psychiatry. 2011;168:302–316.  

35. Liu H, Heath SC, Sobin C, Roos JL, Galke BL, Blundell ML, et al. Genetic variation at the 22q11 

PRODH2/DGCR6 locus presents an unusual pattern and increases susceptibility to schizophrenia. 

Proceedings of the National Academy of Sciences. 2002;99:3717–3722.  

36. Corbett MA, Bellows ST, Li M, Carroll R, Micallef S, Carvill GL, et al. Dominant KCNA2 

mutation causes episodic ataxia and pharmacoresponsive epilepsy. Neurology. 2016;87:1975–1984.  

37. Everett K, Chioza B, Aicardi J, Aschauer H, Brouwer O, Covanis A, et al. Europe PMC Funders 

Group Linkage and association analysis of CACNG3 in childhood absence epilepsy. 2008;15:463–472.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


38. Hammer MF, Wagnon JL, Mefford HC, Meisler MH. SCN8A-Related Epilepsy with 

Encephalopathy [Internet]. University of Washington, Seattle; 1993. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/27559564 

39. Tanaka AJ, Cho MT, Millan F, Juusola J, Retterer K, Joshi C, et al. Mutations in SPATA5 Are 

Associated with Microcephaly, Intellectual Disability, Seizures, and Hearing Loss. American journal of 

human genetics. 2015;97:457–64.  

40. Ahmed I, Buchert R, Zhou M, Jiao X, Mittal K, Sheikh TI, et al. Mutations in DCPS and EDC3 in 

autosomal recessive intellectual disability indicate a crucial role for mRNA decapping in 

neurodevelopment. Human Molecular Genetics. 2015;24:3172–3180.  

41. Ng CKL, Shboul M, Taverniti V, Bonnard C, Lee H, Eskin A, et al. Loss of the scavenger mRNA 

decapping enzyme DCPS causes syndromic intellectual disability with neuromuscular defects. 2015; 

Available from: https://academic.oup.com/hmg/article-abstract/24/11/3163/720406 

42. Sheth J, Ranjan G, Shah K, Bhavsar R, Sheth F. Novel LINS1 missense mutation in a family with 

non-syndromic intellectual disability. American Journal of Medical Genetics Part A. 2017;173:1041–

1046.  

43. Weiner JA, Jontes JD, Burgess RW, Jackson T, Huntley GW, Sinai M, et al. Protocadherins , not 

prototypical�: a complex tale of their interactions , expression , and functions. 2013;6:1–10.  

44. Men K, Weiner JA. Seminars in Cell & Developmental Biology Regulation of Wnt signaling by 

protocadherins. Seminars in Cell and Developmental Biology. 2017;69:158–171.  

45. Hajj NE, Dittrich M, Haaf T. Seminars in Cell & Developmental Biology Epigenetic dysregulation 

of protocadherins in human disease. Seminars in Cell and Developmental Biology. 2017;69:172–182.  

46. Porcellini E, Carbone I, Martelli PL, Ianni M, Casadio R, Pession A, et al. Haplotype of Single 

Nucleotide Polymorphisms in Exon 6 of the MZF-1 Gene and Alzheimer’s Disease. Journal of 

Alzheimer’s Disease. 2013;34:439–447.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


47. van der Werf IM, Van Dijck A, Reyniers E, Helsmoortel C, Kumar AA, Kalscheuer VM, et al. 

Mutations in two large pedigrees highlight the role of ZNF711 in X-linked intellectual disability. Gene. 

2017;605:92–98.  

48. Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, et al. Genome-wide 

association analyses identify 44 risk variants and refine the genetic architecture of major depression. 

Nature Genetics. 2018;50:668–681.  

49. Daoud H, Valdmanis PN, Gros-Louis F, Belzil V, Spiegelman D, Henrion E, et al. Resequencing of 

29 candidate genes in patients with familial and sporadic amyotrophic lateral sclerosis. Archives of 

Neurology. 2011;68:587–593.  

50. Li A, Hooli B, Mullin K, Tate RE, Bubnys A, Kirchner R, et al. Silencing of the Drosophila 

ortholog of SOX5 leads to abnormal neuronal development and behavioral impairment. Human 

Molecular Genetics. 2017;26:1472–1482.  

51. Lamb AN, Rosenfeld JA, Neill NJ, Talkowski ME, Blumenthal I, Girirajan S, Keelean-Fuller D, 

Fan Z, Pouncey J, Stevens C, Mackay-Loder L, Terespolsky D, Bader PI, Rosenbaum K, Vallee SE, 

Moeschler JB, Ladda R, Sell S, Martin J, Ryan S, Jones MC, Moran R, SLG. NIH Public Access. 

2013;33:728–740.  

52. Resende LS, Amaral CE, Soares RBS, Alves AS, Alves-Dos-Santos L, Britto LRG, et al. Social 

stress in adolescents induces depression and brain-region-specific modulation of the transcription factor 

MAX. Translational psychiatry. 2016;6:e914.  

53. Novikova SI, He F, Cutrufello NJ, Lidow MS. Identification of protein biomarkers for 

schizophrenia and bipolar disorder in the postmortem prefrontal cortex using SELDI-TOF-MS 

ProteinChip profiling combined with MALDI-TOF-PSD-MS analysis. Neurobiology of Disease. 

2006;23:61–76.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


54. Zou A, Lin Z, Humble M, Creech CD, Wagoner PK, Krafte D, et al. Distribution and functional 

properties of human KCNH8 (Elk1) potassium channels. American Journal of Physiology-Cell 

Physiology. 2003;285:C1356–C1366.  

55. Cottrell CE, Bir N, Varga E, Alvarez CE, Bouyain S, Zernzach R, et al. Contactin 4 as an autism 

susceptibility locus. Autism Research. 2011;4:189–199.  

56. Liu M, Malone SM, Vaidyanathan U, Keller MC, Abecasis G, McGue M, et al. 

Psychophysiological endophenotypes to characterize mechanisms of known schizophrenia genetic loci. 

Psychological Medicine. 2017;47:1116–1125.  

57. Pfaender S, Sauer AK, Hagmeyer S, Mangus K, Linta L, Liebau S, et al. Zinc deficiency and low 

enterocyte zinc transporter expression in human patients with autism related mutations in SHANK3. 

Scientific reports. 2017;7:45190.  

58. Lane RF, St George-Hyslop P, Hempstead BL, Small SA, Strittmatter SM, Gandy S. Vps10 Family 

Proteins and the Retromer Complex in Aging-Related Neurodegeneration and Diabetes. Journal of 

Neuroscience. 2012;32:14080–14086.  

59. Bateman A, Martin MJ, O’Donovan C, Magrane M, Alpi E, Antunes R, et al. UniProt: the universal 

protein knowledgebase. Nucleic Acids Research. 2017;45:D158–D169.  

60. Clark SJ, Argelaguet R, Kapourani CA, Stubbs TM, Lee HJ, Alda-Catalinas C, et al. ScNMT-seq 

enables joint profiling of chromatin accessibility DNA methylation and transcription in single cells e. 

Nature Communications. 2018;9:1–9.  

61. Lin M, Pedrosa E, Hrabovsky A, Chen J, Puliafito BR, Gilbert SR, et al. Integrative transcriptome 

network analysis of iPSC-derived neurons from schizophrenia and schizoaffective disorder patients 

with 22q11.2 deletion. BMC Systems Biology. 2016;10:1–20.  

62. Inestrosa NC, Varela-Nallar L. Wnt signaling in the nervous system and in Alzheimer’s disease. 

Journal of Molecular Cell Biology. 2014;6:64–74.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


63. Hussaini SMQ, Choi CI, Cho CH, Kim HJ, Jun H, Jang MH. Wnt signaling in neuropsychiatric 

disorders: Ties with adult hippocampal neurogenesis and behavior. Neuroscience and Biobehavioral 

Reviews. 2014;47:369–383.  

64. Darby MM, Yolken RH, Sabunciyan S. Consistently altered expression of gene sets in postmortem 

brains of individuals with major psychiatric disorders. Nature Publishing Group. 2016;6:e890–10.  

65. Ning LF, Yu YQ, Guoji ET, Kou CG, Wu YH, Shi JP. Meta-analysis of differentially expressed 

genes in autism based on gene expression data. 2015;14:2146–2155.  

66. English JA, Fan Y, Föcking M, Lopez LM, Hryniewiecka M, Wynne K, et al. Reduced protein 

synthesis in schizophrenia patient-derived olfactory cells. 2015;  

67. Topol A, English JA, Flaherty E, Rajarajan P, Hartley BJ, Gupta S, et al. Increased abundance of 

translation machinery in stem cell – derived neural progenitor cells from four schizophrenia patients. 

2015;5:e662–12.  

68. Markkanen E, Meyer U, Dianov GL. Dna damage and repair in schizophrenia and autism: 

Implications for cancer comorbidity and beyond. International Journal of Molecular Sciences. 2016;17.  

69. Raza MU, Tufan T, Wang Y, Hill C, Zhu M-Y. DNA damage in major psychiatric diseases. 

Neurotox Res. 2016;30:251–67.  

70. Chen J, Lu Y, Meng S, Han M-H, Lin C, Wang X. alpha- and gamma-Protocadherins Negatively 

Regulate PYK2. Journal of Biological Chemistry. 2008;284:2880–2890.  

71. Suo L, Lu H, Ying G, Capecchi MR, Wu Q. Protocadherin clusters and cell adhesion kinase 

regulate dendrite complexity through Rho GTPase. Journal of Molecular Cell Biology. 2012;4:362–

376.  

72. McKay GJ, Kavanagh DH, Crean JK, Maxwell AP. Bioinformatic Evaluation of Transcriptional 

Regulation of WNT Pathway Genes with reference to Diabetic Nephropathy. Journal of diabetes 

research. 2016;2016:7684038.  

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/


73. Reinhold MI, Kapadia RM, Liao Z, Naski MC. The Wnt-inducible transcription factor Twist1 

inhibits chondrogenesis. Journal of Biological Chemistry. 2006;281:1381–1388.  

 

 

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

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772541doi: bioRxiv preprint 

https://doi.org/10.1101/772541
http://creativecommons.org/licenses/by-nc-nd/4.0/

