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Abstract 
 
Copy number variants (CNVs), either deletions or duplications, at the 16p11.2 locus in 

the human genome are known to increase the risk for autism spectrum disorders (ASD), 

schizophrenia, and for several other developmental conditions. Here, we investigate the 

global effects on gene expression and DNA methylation using a 16p11.2 CNV patient-

derived induced pluripotent stem cell (iPSC) to induced neuron (iN) cell model system. 

This approach revealed genome-wide and cell-type specific alterations to both gene 

expression and DNA methylation patterns and also yielded specific leads on genes 

potentially contributing to some of the known 16p11.2 patient phenotypes. PCSK9 is 

identified as a possible contributing factor to the symptoms seen in carriers of the 

16p11.2 CNVs. The protocadherin (PCDH) gene family is found to have altered DNA 

methylation patterns in the CNV patient samples. The iPSC lines used for this study are 

available through a repository as a resource for research into the molecular etiology of 

the clinical phenotypes of 16p11.2 CNVs and into that of neuropsychiatric and 

neurodevelopmental disorders in general. 
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Introduction 

Neuropsychiatric disorders have a high prevalence in humans, ranging from 

~.57% for Schizophrenia to 19.1% for any Anxiety Disorder in the US based on reports 

from the National Institute of Mental Health. All of these disorders are estimated to have 

high levels of heritability. While the specific underlying molecular mechanisms are still 

mostly unknown, multiple regions of the genome as well as increasing numbers of 

candidate genes of have been found to be associated with these disorders. Several 

high-confidence candidate loci now exist and those with the highest penetrance are 

large copy number variants (CNVs) (Stankiewicz and Lupski, 2010; Sullivan et al., 

2012).  

CNVs are large deletions or duplications in the human genome that are at least 1 

kb in size but that often range into the hundreds of thousands to millions of basepairs. 

Disease relevant CNVs often occur de novo (Levy et al., 2011), possibly through non 

allelic homologous recombination (NAHR) events due to the deleted or duplicated 

regions being flanked by segmental duplication regions (SegDups), also known as low 

copy repeats (LCRs). Many small-to-medium-sized CNVs are common in the population 

and have no known phenotypic effects (Iafrate et al., 2004) but there are around 70 to 

120 CNV regions that are associated with genomic disorders (Girirajan et al., 2012). 

These disease associated CNVs, such as for example large CNVs on chromosomes 

22q11.2, 1q21.2, and 15q13.3, are a prominent genetic cause in 5-15% of individuals 

suffering from intellectual deficit, developmental delay (DD), autism spectrum disorders 

(ASD), congenital malformation (CM), among others (Girirajan et al., 2013). 
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Two large CNVs with the strongest association to neuropsychiatric and generally 

neurological disorders are the 16p11.2 BP4-BP5 deletion CNV (MIM 611913) and the 

duplication CNV (MIM 614671) in the same locus, which are known to be present in 1% 

of Autism spectrum disorder (ASD) patients. Furthermore the duplication CNV in this 

locus increases the risk for developing Schizophrenia by 14-fold (Deshpande and 

Weiss, 2018; Miller et al., 2015). The 600kb CNV with start and endpoints within the 

same SegDups can occur as either a deletion or a duplication and is present in at least 

3/10,000 individuals (Weiss et al., 2008; Bijlsma et al., 2009). Along with the 

neuropsychiatric disorders, the 16p11.2 CNV has been associated with several other 

developmental phenotypes including speech and language delay, seizures, intellectual 

disability (ID), developmental delay (DD), developmental coordination disorder (DCD), 

anxiety, and ADHD (Ghebranious et al., 2007; Kumar et al., 2008; Fernandez et al., 

2010; Rosenfeld et al., 2010; Shinawi et al., 2010; Zufferey et al., 2012; Hanson et al., 

2015; Green Snyder et al., 2016; Steinman et al., 2016; Bernier et al., 2017). 

Additionally, the deletion and duplication cases are known to often show reciprocal 

phenotypes for head circumference and body mass index (BMI). Specifically, the 

deletion patients will generally develop macrocephaly, whereas the duplication patients 

tend to develop microcephaly (Steinman et al., 2016). This trend shows some variance, 

with 10% of duplication carriers show microcephaly and 17% of deletion carriers 

showing macrocephaly (Steinman et al., 2016). For BMI, deletion carriers show an 

increase in BMI by age 7 resulting in ~75% of adult carriers being obese. Conversely, 

duplication carriers are at an eightfold risk of being underweight (Jacquemont et al., 

2011). 
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Previous studies of the molecular and cellular impact of these CNVs have 

already generated important insights but also have left many fundamental questions 

unanswered. The problem is particularly challenging given the large degree of 

phenotypic diversity and variance in the patients, the large size of the genomic region 

affected and the concurrent large number of genes that are encoded within that region. 

On top of the variance and noise generated in the data from the region, there is also a 

lack of human neuronal sample tissue to perform these studies in. Previously, human 

LCLs derived from patients (Blumenthal et al., 2014; Kusenda et al., 2015; Migliavacca 

et al., 2015) or mouse model systems (Arbogast et al. 2016, Horev et al. 2011) have 

been used. LCLs stem from the B-lymphocyte cells, therefore insights gained in that 

model system have to be further explored in cell types closer to those found in the brain.  

The 16p11.2 mouse models also have yielded many interesting insights already. There 

are some limitations for this model since the gene content of the CNV in the mouse 

genome is not entirely identical to that in the human patients. And also there are some 

notable discrepancies on the phenotypic level, for example the 16p11.2 deletion mouse 

model shows reduced brain weight which is the opposite of what is seen in human 

deletion patients where there is often macrocephaly (Horev 2011, Portmann 2014, 

Pucilowska 2015).  

Recently, additional important work has emerged, namely induced pluripotent 

stem cells (iPSC) have been used to engineer the 16p11.2 CNV into a control cell line 

(Tai DJ et al., 2016), and contrasting cellular phenotypes have been described in patient 

iPSC-derived neurons (Deshpande et al., 2017). Here we perform a study on the 

alterations to gene expression and DNA methylation while 16p11.2 CNV patient iPS cell 
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lines differentiate into a neuronal cell type. Using an available resource for 16p11.2 

CNV patient iPSC cell lines from the Simons Foundation, we were able to evaluate the 

cellular impact of the 16p11.2 CNV and identify potential key players in the molecular 

etiology of some of the clinical phenotypes seen in patients. 

 

Results 

16p11.2 CNV patient-derived iPSCs form the basis of induced neurons (iNs) 

Using the patient iPSC-to-iN model system (Figure 1A), all cell lines were cultured 

starting at the same time and were differentiated in batches based on the growth rate 

and confluency of the cells. Low-coverage whole-genome sequencing was performed 

on the iPSCs and, within the CNV region, showed a decrease in sequencing coverage 

for the deletion patients and an increase in sequencing coverage for the duplication 

patients when compared to the control lines (Figure 1B). The presence of the expected 

copy number changes was further verified through ddPCR, using TaqMan copy number 

assays to validate the copy number of the 16p11.2 CNV region (Figure S1). While the 

cells underwent the differentiation process, GFP imaging and staining of neuronal cell 

markers TUB and MAP were performed, which confirmed that the differentiated cells 

were of a neuronal cell type (Figure 1C). WGCNA pathway analysis of the RNA-Seq 

data was carried out on the list of genes upregulated in the iNs compared to the iPSCs 

and multiple neuronal pathways were shown to be upregulated (Figure S2). 
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Figure 1: A model system to investigate the 16p11.2 CNVs 
(A) A cell-model system to study the effects of the CNV in a disease-relevant cell type while. 
Patient fibroblast cells are reprogrammed into iPSCs which are then differentiated into induced 
neurons (iNs). Gene expression and DNA methylation patterns are all analyzed to investigate 
the molecular effects of harboring the CNVs. (B) Low-coverage whole-genome sequencing 
reads of the 16p11.2 CNV region, shown here for each a single control, deletion, and 
duplication sample, visualized in IGV (Robinson et al. 2011). The deletion line (blue) has lower 
sequencing coverage while the duplication line (red) has higher sequencing coverage compared 
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to the control cell line (gray), verifying the presence of the CNV. Vertical lines designate the 
boundaries of the CNV and the genes encoded in the region are shown. (C) Fluorescence 
images were taken of the iNs to verify the successful integration of the viral vectors in the 
differentiation protocol. First column are images of the iPSC stage for one of each of the 
controls, deletions, and duplications. Second column shows actively expressing GFP indicating 
successful integration of the vectors. The iNs were also stained for neuronal differentiation 
markers MAP and TUB to ensure completion of the differentiation protocol (third column). iNs 
were co-stained with DAPI and the images were merged (fourth column). 
 
 

RNA-Seq and CpG-capture bisulfite sequencing were performed on both the 

control cell lines and the 16p11.2 deletion and duplication patient derived cell lines at 

both the iPSC and iN cell stages. This approach allowed us to study the molecular 

effects of the 16p11.2 CNVs in a disease relevant tissue while modeling the 

developmental conditions during which the patient phenotypes may begin to arise. For 

the RNA sequencing analyses, all control and patient lines (with the exception of 1 

duplication clonal line) were used, for a total of 15 samples: 4 control, 6 deletion (i.e. 2 

clonal lines each from 3 patients), 5 duplication (i.e. 2 clonal lines from 2 patients and 1 

clonal line from one more patient). A subset of those lines was used for the DNA-

methyl-seq analyses, with 2 controls, 2 deletion patient lines, and 2 duplication patient 

lines: 6632.4, 726.1, 14758x3 101.7, 14765x2 101.2, 14756x9 201.2, and 14723x10 

202.8. 

 

Gene expression levels altered within the CNV region as expected 

RNA-Seq was performed for the patient-derived iPSC and iN cell lines, obtaining 

approximately 20 million Illumina paired-end reads for each sample. The data was 

analyzed using two analysis pipelines, Cuffdiff and DESeq2. The Cuffdiff analysis 

produced the main dataset for this project, with DESeq2 being used to confirm the 
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general findings from Cuffdiff (as well as to generate the plots in Figure 2). The most 

likely scenario regarding gene expression levels is that the deletion of one copy of a 

gene will result in a decrease in expression level while its duplication will result in a 50% 

increase. In line with this expectation, we found that the majority of the genes within the 

CNV region have a change in gene expression that followed the change in genomic 

copy number, at both the iPSC and iN stages (Figure 2 A, B). The deletion analyses 

have a consistent change at both cell stages, -0.55 ± 0.10 at iPSC stage and -0.54 ± 

0.06 at iN stage. The duplication analyses were more variable in comparison, 2.15 ± 

1.05 at the iPSC stage and 1.94 ± 0.31 at the iN stage. 

 

Gene expression is altered genome-wide outside the CNV region 

Gene expression alterations were not localized to only the CNV region. Significant 

differential gene expression was found genome-wide for both CNV types at both cell 

stages (Figure 2 C-F). At the iPSC stage, iPSC-Del and iPSC-Dup had 16,653 and 

16,833 genes with detectable expression, respectively. Of those genes, there were 121 

differentially expressed genes (DEGs) for iPSC-Del with 83 of those DEGs being up- 

regulated and 38 down-regulated. 654 DEGs were in the iPSC-Dup analysis with a split 

of 341 up-regulated genes and 313 down-regulated genes. At the iN stage, genes with 

detectable expression decreased moderately in number from the iPSC stage to 16,165 

for iN-Del and 16,106 for iN-Dup. The iN-Del analysis had 35 DEGs (29 up-regulated, 6 

down-regulated) while 59 DEGs were in the iN-Dup analysis (50 up-regulated, 9 down-

regulated). The DEGs from each analysis were also categorized based on genomic 
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Figure 2: Gene expression is altered within the CNV region and genome-wide 
Plots of genes’ log2 fold change in the CNV and flanking regions (A & B) and fold change 
associated –log10(p) across the genome (C-F). (A & B) Gene expression within the CNV and 
the flanking regions, the CNV boundaries are represented by the vertical lines. The deletion 
analyses showed a decrease in expression (red dots) while the duplication analyses showed an 
increase in expression (blue dots). Genome-wide, genes reach statistically significant differential 
expression in the (C) iPSC deletion, (D) iN deletion, (E) iPSC duplication, and (F) iN duplication 
analyses. 
 

location to determine what percentage of these DEGs resided on each chromosome. 

This analysis revealed multiple chromosomes at both cell stages with a larger 

percentage of DEGs on them than chromosome 16. At the iPSC stage, the lists of 

DEGs from the iPSC Del and iPSC Dup analyses combined for a larger percentage of 

the total DEGs on chromosomes 1, 2, 5, 6, and 19. At the iN stage, this was also the 

case for chromosomes 1, 11, 19, and 22. Notably, this also does not exclude the DEGs 
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within the CNV region, which contributed significantly to the number of DEGs found on 

chromosome 16. 

 

There were 65 DEGs overlapping between deletion and duplication lines at the 

iPSC stage (iPSC-Del + iPSC-Dup) and 9 genes were overlapping at the iN stage (iN-

Del + iN-Dup) (Figure 3). At the iPSC stage, PCSK9 was found to be up-regulated in the 

deletion samples (1.10 log2 fold change) and down-regulated in the duplication samples 

(-1.16 log2 fold change). At the iN stage, PCSK9 becomes up-regulated (1.72 log2 fold 

change) in the duplication samples and, while it is not a DEG in the iN Del analysis, it is 

also up-regulated (1.42 log2 fold change). Gene expression changes were verified 

using qPCR (Table S1). 

 

In order to validate that the fold changes found in the overlapping DEGs, an 

alternative RNA-Seq pipeline (DESeq2) was used to analyze our data. The four 

comparison analyses were repeated in DESeq2 and the DEG lists were compiled by 

selecting the genes with a FDR ≤ .05. Plotting the overlapping DEGs as before, we see 

a similar pattern of consistent fold changes in each plot with 73 DEGs overlapping at the 

iPSC stage and 5 DEGs overlapping at the iN stage (Figure S3).  
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Figure 3: DEGs overlaps between cell stage analyses and functional enrichment analysis 
Differentially expressed genes (DEGs) found in the control vs patient sample analyses were 
compared to find any genes that overlapped at each cell stage. Venn diagrams showing the 
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number of DEGs from each of the four analyses and the number of DEGs that overlap at the (A) 
iPSC stage and the (C) iN stage. Log2 fold change was plotted for each DEG from both of the 
overlapping analyses. Fold change values from the deletion analysis are represented by green 
and duplication analysis values are represented by red. DEGs overlapping between deletion 
and duplication patients at the iPSC stage (B) and iN stage (D). The dotted line represents zero 
fold change difference in expression. With the nine DEGs overlapping between the iN analyses, 
functional enrichment analysis was done using ToppFun which is a part of ToppGene Suite 
(Chen et al., 2009). (E) The output for GO: Cellular Component and the (F) top 20 output by p-
value for GO:Biological Process are plotted by their corresponding enrichment p-value, 
converted to –log10(p-value) for the plot. 
 
 

Overlapping DEGs at the iN stage are relevant for neuronal function 

We carried out functional enrichment analysis on the overlapping DEGs at the iN stage 

using ToppFun, a part of ToppGene Suite (Chen et al., 2009). The analysis yielded 

several pathways relevant for neuronal function, neuronal processes, and neuronal 

components, particularly in the GO categories “Biological Process” and “Cellular 

Component”. The “Cellular Component” output (Figure 3E) showed an enrichment of 

neuron components such as neuron part (p-value 3.319E-4), somatodendritic 

compartment (p-value 4.458E-4), neuron projection (p-value 1.496E-3), and dendrite (p-

value 2.156E-3). The “Biological Process” output (Figure 3F) identified an enrichment of 

processes related to synapse function such as chemical synaptic transmission, 

anterograde trans-synaptic signaling, trans-synaptic signaling (p-value 1.895E-4 for 

previous three), and synaptic signaling (p-value 1.994E-4), as well as cerebellum 

development (p-value 1.223E-3).  

 

To ascertain the existence of a group of overlapping DEGs between deletion and 

duplication tissues in an alternative model system we reanalyzed the RNA-Seq data 

from the 2014 Blumenthal et al. study in which RNA had been extracted from the cortex 
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of the 16p11.2 deletion and duplication mouse models, respectively, and subjected to 

RNA-Seq analysis relative to control animals. RNA-Seq data of 4 deletion mice had 

been compared to 4 control mice and RNA-Seq data of 4 duplication mice had been 

compared to a second group of 4 control mice. We replicated this analytical design 

using our pipeline (i.e. 4 del vs 4 control group A; 4 dup vs 4 control group B). 

Additionally, we processed the data through our pipeline after combining all of the 

control samples (4 del vs 8 control A+B; 4 dup vs 8 control A+B). In both analytical 

designs we detect groups of genome-wide, non-CNV DEGs overlapping between 

deletion and duplication tissues (Figure S4). For the grouped-controls analysis, 51 non-

CNV DEGs overlapped (Figure S4A). For the independent-controls analysis, we found 

37 non-CNV DEGs that overlapped between the deletion mice and the duplication mice 

(Figure S4B).  

 

PCSK9 expression levels were also evaluated in the mouse model RNA-Seq 

data. In both analyses (independent controls and grouped controls), we detected a 

similar trend of PCSK9 expression (Table S2). Namely, in the deletion mice PCSK9 

expression was increased (.325 log2 fold change in independent-controls; .232 log2 fold 

change in grouped-controls) and decreased in the duplication mice (-.156 log2 fold 

change in independent controls; -.064 log2 fold change in grouped controls). The 

magnitude of change was much lower than in our iPSC-iN data and none of the gene 

expression fold changes in mouse reached statistical significance, but one should bear 

in mind that the RNA was extracted from whole mouse cortex tissue, i.e. consisting of 

multiple different cell types. 
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PCSK9 knockdown leads to altered developmental phenotypes in zebrafish 

To test whether mirror-image changes in PCSK9 expression alone may yield 

developmental phenotypes that could be relevant with regards to those seen in 16p11.2 

patients, we employed the use of the zebrafish model. To mimic the levels of gene 

expression reduction and gene overexpression, respectively, observed in the 16p11.2 

iPSC-iN model, a PCSK9 morpholino, together with a control morpholino, was used to 

achieve reduction in expression levels, and, both human and zebrafish PCSK9 mRNA 

were used to achieve gene overexpression. The morpholinos, and separately the 

mRNAs, were injected into zebrafish embryos at the single-cell stage and development 

was followed for 5 days post fertilization (dpf). We observed no detectable changes in 

the control and overexpression zebrafish while phenotypic alterations were observed in 

the morpholino knockdown zebrafish. The knockdown resulted in effects on embryonic 

and early brain development such that the zebrafish exhibited a marked curvature of the 

spine and a darkening of and reduction of brain tissue (Figure 4 A1). Additionally, these 

zebrafish had a reduced body length (3.85 ± 0.0016mm (Con MO) vs. 2.64 ± 0.0057mm 

(PCSK9MO) vs. 3.77 ± 0.0012mm (PCSK9 mRNA); p <0.05, Student’s t-test, N=3 

independent tests) and an increased interocular distance (0.12 ± 0.00010mm (Con MO) 

vs. 0.40 ± 0.0036mm (PCSK9MO) vs. 0.12 ± 0.00010mm (PCSK9 mRNA); p <0.05, 

Student’s t-test, N=3 independent tests) resulting from neural degeneration and oedema 

when compared to the control and overexpression zebrafish (Figure S5).  
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To determine the cause of the darkening and reduction of brain tissue, caspase-3 

immunostaining was performed at 1 day post fertilization (dpf) and 5 dpf to test for an 

increase in apoptosis activity. At both days, we see an increase in apoptosis when 

compared to the other two zebrafish groups with more caspase-3 fluorescence at 1 dpf 

(Figure 4 A2).  

 

To further test the effect of loss of PCSK9 on the development of zebrafish, we 

characterized the phenotype of heterozygous mutant crosses that contained PCSK9 +/+ 

PCSK9 +/- and PCSK9 -/- fish from 1dpf through 5dpf.  While there were imperceptible 

differences between wildtype and heterozygous mutants, we detected at appropriate 

Mendelian ratios that PCSK9 -/- mutant fish (verified post-hoc by larval genotyping) 

exhibited similar developmental phenotypes in body plan and interocular distance as 

seen with morpholino knockdown, indicating the specificity of the aberrations with 

PCSK9 perturbation.  Specifically, we observed reduced body size and curved body 

shape as well as small brains and eyes with increased interocular distance.  Oedema 

was also observed in the heart, brain and around the eyes.  The swim bladders of these 

fish were elongated. The effect of null mutation was embryonic lethal since fish with this 

genotype did not survive past 5-6dpf.   
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Figure 4: Reduction of PCSK9 expression in zebrafish impact development 
(A) PCSK9 expression was altered in zebrafish by injecting a PCSK9 morpholino (PCSK9MO) 
to knockdown expression and PCSK9 mRNA to increase expression to comparable levels seen 
in the 16p11.2 CNV patients. A control morpholino (ConMO) was also injected to ensure no 
effects seen were from the morpholino injection. (A1) The knockdown resulted in defects on 
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early brain/embryonic development; primarily the zebrafish had a curvature of the spine and a 
darkening and reduction of the brain tissue. By comparison, the control and overexpression 
zebrafish were unaffected. (A2) Caspase-3 immunostaining reveals that an increase in 
apoptosis is occurring in the 1dpf PCSK9 knockdown zebrafish within the hindbrain (marked by 
dotted line). (B) At 5 dpf, Alcian Blue staining shows disruption of the ventral head structures 
including the jaw, presumptive operculum and pectoral fins of the PCSK9 -/- zebrafish which 
was not seen in the in-clutch wildtype zebrafish. 
 
 

Prior to lethality, we detected a disruption of the development of ventral 

structures and further characterized these with Alcian Blue staining.  Following staining 

of the cartilage at 5dpf, we observed abnormalities of the ventral head structures 

including the jaw, presumptive operculum and pectoral fins in the PCSK9 -/- zebrafish, 

which was not seen in the in-clutch wildtype zebrafish (Figure 4 B).  Only mid-to-dorsal 

structures such as the otic vesicular cartilaginous structures remain in the PCSK9 -/- 

zebrafish.  These results suggest that part of PCSK9’s function could be involved in the 

specification of ventral structures, failure of which, in complete absence, affect overall 

development with serious consequences to lifespan. 

 

DNA methylation altered genome-wide 

Next we analyzed genome-wide patterns in DNA methylation marks in the CNV lines. A 

subset of the cell lines were (2 control lines, 2 deletion lines, 2 duplication lines) were 

analyzed for differentially methylated regions (DMRs) at both the iPSC and iN stages. 

We found similar numbers of DMRs ranging from 185 in iPSC-Dup to 286 in iN-Dup, 

with iPSC-Del (237 DMRs) and iN-Del (217 DMRs) in between (Figure 5 A). For each 

analysis, the DMRs were differentiated into hypermethylated or hypomethylated. In all 

four comparisons a majority of the DMRs were found to be hypermethylated. The lowest 

ratio of hypermethylated to hypomethylated is approximately 2:1 (iPSC-Del) and the 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 10, 2020. ; https://doi.org/10.1101/2020.02.09.940965doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.09.940965


highest ratio is 7:1 (iN-Dup). Within the CNV region, we see that cell stage does not 

impact the number of DMRs found, but CNV type has a large impact on DMR count 

genome-wide, with the duplication analyses having roughly twice the number of DMRs 

as the deletion analyses (iPSC-Dup 201, iN-Dup 236; iPSC-Del 98, iN-Del 96). A further 

breakdown of those numbers showed more of the DMRs being hypomethylated than 

hypermethylated, particularly in the duplication comparisons. iPSC-Del have a 

distribution of hyper/hypo of 41/57, iPSC-Dup show 89/112, iN-Del show 47/49, and iN-

Dup show 83/153. However, very few of these DMRs passed a 0.1 minimum threshold 

for DNA methylation change with only 22 DMRs across all four comparisons passing 

this threshold (6 in iPSC-Del, 6 in iPSC-Dup, 2 in iN-Del, 8 in iPSC-Dup). 

 

When examining the genomic locations of the DMRs (Figure 5 B-E) we found 

that, just as in the gene expression changes, the epigenetic alterations were spread 

across the genome and were not localized to chromosome 16 or enriched in the CNV 

locus. The number of DMRs found on each chromosome does not strictly track with 

chromosome size, number of protein coding genes per chromosome, or the number of 

CpG regions tested per chromosome. When grouped together by cell stage, 

chromosome 5 has the most DMRs (10.2% of all iPSC DMRs) followed by 

chromosomes 1 (10%) and 19 (9.5%). When grouped together by CNV type, a majority 

of the DMRs found on chromosome 5 (61 of 101) are contributed by the Del patient 

lines and a larger number of DMRs on chromosomes 1 and 19 (61 of 93, 53 of 89 

respectively) are contributed by the Dup patient lines. Only 28 DMRs are located on 

chromosome 16, making it the chromosome with the 14th most DMRs.  
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Figure 5: Global alterations to methylation from the presence of the CNV 
The presence of the CNV has genome-wide effects on patterns of DNA methylation. (A) The 
total number of differentially methylated regions (DMRs) found in each analysis and the 
breakdown of DMRs found to be hypermethylated or hypomethylated compared to controls. (B-
E) DMRs were found in each of the 4 analyses and the DNA methylation change associated –
log10(p) was plotted by chromosomal location for each DMR, with the red line representing FDR 
0.05 statistical cutoff. The values were plotted for the (B) iPSC deletion, (C) iN deletion, (D) 
iPSC duplication, and (E) iN duplication. (F-I) Overlapping DMRs from cell stage and CNV-type 
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comparisons plotted by methylation value and labeled by a unique number value and 
chromosome location. Plots shown are DMRs overlapping (F) at the iPSC stage, (G) at the iN 
cell stage, (H) between cell stages for deletion patients, and (I) between cell stages for 
duplication patients. Dotted line represents zero change in methylation. (J, K)  The DNA 
methylation and gene expression data were integrated to evaluate the potential effect of the 
epigenetic alterations on the gene expression changes. DMR/Gene overlaps were found based 
on the chromosomal location of the DMR and if the DMR was within the promoter region (+2000 
bp of the gene’s start site) or gene body. (J) The number of unique genes with at least one DMR 
located within the gene’s promoter region or gene body. Also shown is the number of PCDH 
genes found within the unique genes lists. (K) When comparing the altered DNA methylation 
and gene expression changes, the comparisons were separated by location of the DMR and 
evaluated for DNA methylation + expression agreement. For the promoter region, the 
comparison was marked as an agreement if gene expression decreased while DNA methylation 
increased or gene expression increased while DNA methylation decreased. For the gene body, 
the opposite of the promoter agreement conditions meant the comparison was an agreement.  
 

Similar to the gene expression analyses, we wanted to test which DMRs from the 

individual group analyses overlapped with one another. There were similar numbers of 

overlapping DMRs across the analyses: 17 overlapping for iPSC, 22 overlapping for iN, 

24 overlapping for Del, 22 overlapping for Dup (Figure 5 F-I).  

 

Integration of gene expression and altered DNA methylation datasets 

We correlated the genomic locations of the DMRs with those of all known genes to 

determine the extent to which they overlapped, which we refer to as DMR/gene 

overlaps (DGOs). When filtering for the DGOs that contain genes with detectable 

expression, we find 155 such DGOs in iPSC-Del, 99 in iPSC-Dup, 170 in iN-Del, and 

173 in iN-Dup. Approximately 60% to 80% of the DGOs resided within a unique gene, 

with 106 of such unique genes in iPSC-Del, 78 in iPSC-Dup, 104 in iN-Del, and 138 in 

iN-Dup (Figure 5J). Interestingly, a large number of the genes are members of the 

PCDH family, where ~19% to ~35% of DGOs involve a PCDH gene. 
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Next, we analyzed whether the direction of DNA methylation change of a given 

DMR corresponded with the direction of gene expression change of the co-localized 

gene given, taking into account the genomic location of the DMR within the gene. If a 

DMR resides within the promoter region of a gene then hypermethylation of the DMR 

paired with reduction in gene expression is considered as agreeing (and vice versa). If a 

DMR resides within the gene body, the reverse constellation is considered as agreeing 

(Figure 5K). For a majority of DMRs located in promoter regions there was 

disagreement with the gene expression changes, with an almost 2:1 ratio of agreement 

to disagreement across all analyses. There was much more agreement between DNA 

methylation changes and gene expression level changes when DMRs are located within 

the gene body, with more than 50% of DGOs across all analyses showing agreement.  

 

Discussion 

We were able to successfully grow and differentiate the iPSCs into iNs as verified by the 

immunostaining and WGCNA pathway analyses. This shows that the model used here 

is an efficient option for obtaining sufficient numbers of physiologically relevant cells in 

order to perform multiple functional genomics assays.  

 

The large CNVs on chromosome 16p11.2 generally had the expected effect on 

expression levels for the genes that are encoded within the CNV boundaries, namely 

the expression changes follow the changes in gene copy number. In addition we 

observed that there is a marked genome-wide effect on gene expression levels, well 

beyond chromosome 16. There are two genes encoded within the CNV boundaries that 
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act as transcription factors, MAZ and TBX6. This differential expression of two 

transcription factors could be the basis for at least some of the genome-wide expression 

level changes that we observed. However, an analysis of transcription factor binding 

motifs did not uncover an enrichment for the known binding motifs for MAZ and TBX6 

(data not shown), leaving this possible explanation for some of the global gene 

expression changes unconfirmed at this time. Many, if not all of the genes encoded 

within the CNVs can be expected to play potentially important roles in functional 

pathways.  

 

Our reanalysis of the gene expression data from the 2014 Blumenthal et al. study 

using mouse models for both the deletion and duplication CNVs revealed a similar 

finding of overlapping non-CNV DEGs in the 16p11.2 mouse model. This supports the 

interpretation that this particular facet of transcriptional dysregulation associated with 

16p11.2 copy number alterations is not exclusive to the iPSC model system. Reanalysis 

of the mouse data also strengthened support for the observations related to the 

expression changes seen for PCSK9. 

 

Furthermore, regarding the existence of this ‘core’ set of overlapping DEGs 

genome-wide, it may be that these overlapping DEGs are at the core, on the molecular 

level, of the phenotypes that are seen in both deletion and duplication carriers, while the 

non-overlapping DEGs may be to a greater degree involved in the molecular basis of 

the phenotypes that are more commonly seen diverging in the patients. 
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The functional enrichment analyses identified enrichment in biological processes 

involving synaptic signaling, as well as neuronal components involving dendrites and 

somatodendritic compartments. This was in line with the findings of the 2017 

Deshpande et al. study, reporting morphological changes in soma size, dendritic length, 

and synaptic density in the differentiated neurons of 16p11.2 CNV patients. While the 

gene expression changes were not opposing, unlike the reported morphological 

changes, this still provides further indirect biological validation for our genomic findings. 

 

Our observation of opposite-direction gene expression level changes for PCSK9 

implies a potential role of this gene in the etiology of the opposing phenotypes of the 

deletion and duplication patients. PCSK9 could be contributing to both the head-

circumference (Norata et al., 2016) and body-mass-index phenotypes (Schulz & 

Schluter 2017), also considering the reduction in brain mass and body length seen in 

some of the zebrafish experiments. Such reductions were also consistent to those seen 

before with PCSK9 knockdown in zebrafish (Poirier et al., 2006). Our data also indicate 

that changes in PCSK9 expression levels at critical stages of development may also be 

playing a role in the development of facial abnormalities seen in 16p11.2 patients, for 

example the observed jaw malformations. As noted by Shinawi et.al., "Subjects with the 

deletions shared the following features: broad forehead, micrognathia, hypertelorism, 

and a flat midface. The broad forehead, macrocephaly and flat midface give these 

patients a distinct facial gestalt." In our zebrafish experiments, we observed that a 

reduction of PCSK9 expression levels resulted in major disorganization and 

underdevelopment of ventral jaw structures. One needs to bear in mind, however, that 
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PCSK9 in humans plays a smaller role in head and facial development than in 

zebrafish, and much further work in this context is needed, also in the light of  reported 

that PCSK9 knockout mouse models do not exhibit facial or head circumference 

abnormalities (Rashid et al., 2005; Seidah et al., 2008). 

 

The CNVs on 16p11.2 alter DNA methylation patterns similarly in both deletion 

and duplication patients as well as at both differentiation stages. Overall, the CNVs 

increase levels of DNA methylation across the genome except within the CNV region 

itself, where there is little to no significant change in DNA methylation levels. 

Chromosome 16 as a whole is also not disproportionately impacted on the level of DNA 

methylation. As there is generally a similar genome-wide impact on DNA methylation in 

all four analyses, it could be that the deletion and duplication of the 16p11.2 region are 

affecting the same or similar DNA methylation regulation pathways.  

 

We did not find a strong correlation between the altered DNA methylation 

patterns and specific changes in gene expression in this study. However, the 

protocadherin (PCDH) gene family stood out as a candidate for follow-up study. 

Dysregulation of the protocadherins on both the levels of epigenetic marks and gene 

expression has been found to be associated with human disease, including neurological 

disorders. The review by Hajj et. al 2017 outlines the known associations that these 

dysregulations have with disorders such as schizophrenia (Narayanan et al., 2015; 

Gregrio et al., 2009), bipolar disorder (Gregrio et al., 2009), and ASD (Bucan et al., 

2009; Morrow et al., 2008). We did not observe altered expression for the PCDH genes. 
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At the same time, PCDH expression levels overall were very low in the early neuronal 

cell type that is being replicated by the iN cells in this study.  

 

With this study we have demonstrated that by using a disease relevant cell type, 

and the precursor cells to this relevant cell type, we are able to better identify genes and 

pathways that may play an etiological role in the development of the disease phenotype. 

Studying the cells as they progress through the differentiation process may allow us to 

attain a more complete picture of the genetic and epigenetic changes occurring as a 

result of the presence of the large CNVs on 16p11.2. For example, PCSK9 has low 

levels of expression in a mature neuronal cell type but nevertheless an early 

perturbation of PCSK9 expression levels at the stem cell stages could have a profound 

effect on nervous system development, for example if it leads to abnormally high or low 

levels of apoptosis at critical periods of development.  

 

The availability of the iPSC lines used in this study from a public cell repository 

means that these lines, as well as the functional genomics data generated by us for 

these lines, constitute an important resource for the further study and eventual 

understanding of the molecular basis of neuropsychiatric, neurodevelopmental 

phenotypes such as those observed in many individuals with CNVs in 16p11.2. 
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Supplementary Figures 

 

Figure S1, Related to Figure 1: ddPCR verification of the deletion and duplication of the 
16p11.2 region 
Using TaqMan Copy Number Assays, a ddPCR experiment was run on the 12 patient samples 
at the iPSC stage to verify the presence of the CNV in the patient samples. The control samples 
were included as a positive control for a copy number of two for the region. Three assays were 
used: one located within the boundaries of the CNV region (Probe #2) and two located outside 
of the boundaries to serve as controls (Probes #1 and 3). The respective copy numbers of each 
probe are plotted for each sample. 
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Figure S2, Related to Figure 1: Pathway analysis of upregulated genes at the iN stage 
WGCNA pathway analysis was performed by comparing the iPSC stage to the iN stage for all 
cell samples. The analysis identified 6,604 genes that have increased expression in the iN cells 
compared to the iPSCs. The upregulated gene pathways are plotted with their corresponding 
enrichment p-value, converted to –log10(p-value) for the plot.  
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Figure S3, Related to Figure 3: Overlapping DEGs between cell stage analyses using 
DESeq2 data 
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The four analyses done in Cuffdiff were repeated using an alternative pipeline, DESeq2. With 
this data, all DEGs that had a FDR ≤ .05 were compared between deletion and duplication 
patients at both cell stages resulting in (A) 73 overlapping DEGs at the iPSC stage and (B) 5 
DEGs overlapping at the iN stage. The log2 fold change values for each DEG were plotted from 
each analysis, green representing the deletion analysis values and the red representing the 
duplication analysis values. Dotted line represents zero fold change difference in expression. 
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Figure S4, Related to Figure 3: Mouse brain RNA-Seq data radar plots 
The 16p11.2 CNV mouse cortex RNA-seq data acquired from 2014 Blumenthal et al. was 
analyzed using the same analysis pipeline as the 16p11.2 CNV patient samples. We replicated 
the experimental design with independent controls (4 del vs 4 control group A; 4 dup vs 4 
control group B) as well as combining all control samples (4 del vs 8 control A+B; 4 dup vs 8 
control A+B). Overlapping DEGs were compared for the (A) grouped controls analyses and the 
(B) independent controls analyses. The log2 fold change values were plotted for each DEG, 
green representing the deletion analysis values and the red representing the duplication 
analysis values. Dotted line represents zero fold change difference in expression. (A) 45 of the 
51 overlapping DEGs in the grouped analysis and (B) 25 of the 37 overlapping DEGs in the 
independent analysis had fold changes in the same direction. 
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Figure S5, Related to Figure 4: Altered length and interocular distance in the PCSK9MO 
zebrafish 
Boxplots of the (A) fish length and (B) interocular distance of each of the zebrafish groups.  
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Methods Details 

 
Cell culture and differentiation 
 
Cell lines 
A total of 14 16p11.2 CNV patient iPSC lines (9 deletion and 5 duplication) were 
obtained from the Simons Variation in Individuals Project (Simons VIP; 
https://www.sfari.org/resource/simons-vip/). Each patient currently has multiple clonal 
lines available. Twelve clonal cell lines from 6 patients carrying the 16p11.2 CNV (3 
deletion, 3 duplication, and 2 independently derived clones from each patient) were 
used. These lines were paired with 4 independent control lines that were matched for 
age, sex, and ethnicity. Cell line IDs as used by Simons VIP: 
 
Deletions: 14758x3 101.7 & 101.8, 14765x2 101.1 & 101.2, 14781x16 101.3 & 101.4 
Duplications: 14723x10 202.7 & 202.8, 14756x9 201.1 & 201.2, 14756x16 101.1 & 
101.2 
Controls: 5401.1, 6632.4, 726.1, 8738.3 
 
Cell culture 
Each iPSC line was cultured using mTeSR media (Stemcell Technologies, 85850) in 
clear plastic BioLite 6-well multidish plates (Thermo Scientific, 130184) coated with 
Matrigel hESC-qualified Matrix (BD Biosciences, 356234). The cells were kept at 37° C 
and 5% CO2; media was changed daily. The cells were passaged every 4 to 5 days 
once the wells reached ~ 75-100% confluency. For passaging, cells were washed with 
DPBS (Life Technologies, 14190-144), dissociated with TrypLE Express Enzyme (1X) 
(ThermoFisher, 12604013) and added to fresh media on a new plate and/or added to 
freezing media for storage. All lines were grown concurrently to avoid batch effects. One 
duplication line (14723x10 202.7) was not viable due to large amounts of cell 
differentiation and was not included in the analysis. New starter cultures of this line have 
been made and are shown to be viable. 
 
Neuronal differentiation 
All iPSC cell lines were differentiated to induced neurons (iNs) following the two-week 
protocol described by Zhang et al. Once the cells reached ~80-100% confluency, the 
wells were split at a 1:3 ratio using Accutase (Stem Cell Technologies, 7920) for single 
cell density plating. One day post-split, a single well was transfected with 2 uL of each 
of the 3 viral vectors acquired from the Genome Virus and Vector Core (GVVC) at 
Stanford University. The transfected cells were then subjected to puromycin selection 
and monitored for 7 days. On day 7, the immature iNs were collected and underwent 
DNA/RNA extraction. The protocol was modified to be stopped at day 7 instead of the 
complete two-week protocol to obtain immature cortical glutamatergic neurons. GFP 
fluorescence was used to verify successful integration of the vectors and MAP/TUB 
staining was done to ensure complete differentiation into neuronal cells (Supp Fig 1). 
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DNA/RNA extraction 
DNA and RNA were extracted using the All Prep kit (Qiagen, Cat. #80204) once the 
wells reached ~80-100% confluency (~1 to 3 million cells). mRNA purification was 
performed using the Dynabeads mRNA Purification Kit (Invitrogen, Cat #61006) for 
RNA sequencing. 
 
Sequencing analyses 
 
Short-Insert Whole-Genome Library Preparation  
iPSC DNA was sheared to 400bp on a Covaris E210R (Covaris, Woburn, MA).  
Libraries were constructed with 500ng of input DNA and created according to standard 
ligation methods using the Kapa Hyper Prep Kit (Kapa Biosystems, Wilmington, MA).  
Each library was amplified with 3 PCR cycles and size selected between 300 and 700 
bp using field-inversion gel electrophoresis on the Pippin Pulse System (Sage Science, 
Beverly, MA) and fragment sizes were verified on a Bioanalyzer 2100 (Agilent 
Technologies, Santa Clara, CA). Libraries were sequenced on an Illumina Next-seq 500 
using a NextSeq 500/550 High Output v2 kit (300 cycles) (Illumina, FC-404-2004). 
 
RNA sequencing and analysis 
The libraries for all samples at both iPSC and iN stages were prepared using the 
NEBNext Ultra RNA Library Prep Kit for Illumina (New England BioLabs, E7530S) and 
were sequenced on the Illumina NextSeq 500 using a NextSeq 500/550 High Output v2 
kit (Illumina, FC-404-2002) (2X75 bp) for the iPSCs and a NextSeq 500/550 High 
Output v2 kit (Illumina, FC-404-2004) (2X150 bp) for the iNs. The 2x150 bp reads were 
trimmed to 2x75 bp for more direct comparison with the iPSC reads in the analysis. 
Reads were first mapped to hg38 (Y chromosome excluded) (GCF_000001405.36) 
using TopHat2 (v2.0.9) (Kim D et al., 2013) with transcript index built from GENCODE 
comprehensive gene annotation (release 23) using ‘‘--library-type fr-firststrand’’ and ‘‘--
transcriptome-index’’. 
 
Differential expression was performed using Cuffdiff (v2.1.1) (Trapnell et al.) with “--
dispersion-method per-condition --library-type fr-firststrand’’ against the GENCODE 
comprehensive gene annotation. Only the genes with FPKM > .05 were used for 
downstream analysis. Deletion and duplication samples were individually compared with 
control samples at both iPSC and iN stages. Four separate analyses were performed: 
control samples versus deletion samples at iPSC stage (iPSC Del), control samples 
versus duplication samples at iPSC stage (iPSC Dup), control samples versus deletion 
samples at iN stage (iN Del), and control samples versus duplication samples at iN 
stage (iN Dup).  
 
Given the heterogenous genetic background of the CNV patients, to see if our 
differential expression results were consistent in a distinct testing framework we elected 
to use a secondary analysis pipeline. Cutadapt 1 (version 1.8.1) was used to trim 
Illumina TruSeq adapters and low-quality ends from the raw reads. Bowtie2 2 (version 
2.3.1) was used to align the trimmed reads to the GENCODE comprehensive gene 
annotation (release 23, hg38) and RSEM 3 (version 1.2.30) was used to quantify gene 
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expression in a strand-specific manner by setting parameter “--forward-prob 0”. DESeq2 
4 (version 1.12.4) was used to perform differential expression analysis. Genes with FDR 
adjusted p-value < 0.1 were considered to be significant for iNs and < 0.05 for iPSCs. 
Only the protein-coding genes with detectable expression (FPKM > 1) were used for 
differential expression analysis, WGCNA and pathway enrichment analysis. 
 
To identify modules of co-expressed genes, we performed weighted-gene coexpression 
network analysis (WGCNA, version 1.46) 5 using all the protein-coding genes with 
detectable expression (approximately 16,000 genes). Normalized count data obtained 
by the “varianceStabilizingTransformation” function in DESeq2 were used. Signed 
network was constructed for each comparison. 
 
qPCR verification for gene expression 
qPCR primers for PCSK9, GAPDH, and ALDOA was found using RTPrimerDB 
(www.rtprimerdb.org) and PrimerBank (https://pga.mgh.harvard.edu/primerbank/). 
cDNA was synthesized from the mRNA of the samples using ReadyScript cDNA 
Synthesis Mix (Sigma-Aldrich) and the qPCR was done using KAPA SYBR FAST qPCR 
Master Mix and the corresponding protocol. The qPCR was run on a QuantStudio 6 
Flex Real-Time PCR System (ThermoFisher Scientific).  
 
ddPCR verification of the 16p11.2 CNV 
TaqMan Copy Number Assays (ThermoFisher Scientific) were used in a ddPCR 
experiment prepared and run on a Bio Rad QX 200 Droplet Reader (Bio Rad). Three 
different TaqMan assays were used, one was located within the CNV region (location 
chr16:29901542, Cat. ID Hs02040751_cn) and two other assays (location 
chr16:29228600, Cat. ID Hs05451406_cn; location chr16:30389709, Cat. ID 
Hs05421015_cn) each located on either side of the CNV boundaries. 
 
CpG-Capture bisulfite sequencing and analysis 
Bisulfite converted libraries were prepared using the SeqCap Epi CpGiant Probes kit 
(Roche, Catalog No. 07138881001) following the manufacturer’s protocol. For this 
analysis, six samples at the iPSC and iN cell stages were included: two control samples 
(6632.4 & 726.1), two deletion samples (14723x10 202.8 & 14756x9 201.2), and two 
duplication samples (14758x3 101.7 & 14765x2 101.2). These samples were 
sequenced on the Illumina Nextseq 500 using the NextSeq 500/550 High Output v2 kit 
(300 cycles) with 30% PhiX, generating an average of 90 million reads generated for 
each sample. After trimming the adapters and low-quality ends using Cutadapt (Version 
1.8.1, Marcel Martin), the reads were mapped to GRCh38.p10 (GCF_000001405.36) 
using Bismark (Version 0.16.3; Krueger and Andrews). Duplicates were removed by the 
deduplicate_bismark script in the Bismark package. In cases where the 3’-end 
sequences of the paired-end reads overlap due to the size of the library insert, only one 
copy of the overlapping region was retained, after clipping the read with the lower 
average read quality in the overlap region using the “clipOverlap” tool in bamUtil 
(Version 1.0.14; https://github.com/statgen/bamUtil). On-target read rate and coverage 
were calculated by Qualimap (Version 2.1; Garcia-Alcalde et al). 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 10, 2020. ; https://doi.org/10.1101/2020.02.09.940965doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.09.940965


Methylation ratio for each CpG was extracted using the bismark_methylation_extractor 
script in the Bismark package. For each sample, only CpGs covered with at least ten 
reads were included in the downstream analysis. Differentially methylated regions 
(DMRs) were identified between the iPSC and iN cell types as well as between patients 
and controls within each cell type using metilene (Version 0.2-6; Jühling et al.) with ≥ 3 
CpGs and a mean methylation difference between the two compared groups of ≥ 0.2. 
DMRs, and a FDR corrected p-value < 0.05 was considered significant. 
 
Zebrafish experiments 
 
PCSK9 Plasmids, morpholinos and mutants 
Full length PCSK9 cDNAs for zebrafish (synthesized by Genscript) and human 
(Dharmacon) were separately cloned into the pCS2+ backbone (Addgene #17095) with 
EcoRI and XbaI restriction enzyme sites.  Plasmids were linearized with NotI restriction 
enzyme (NEB) and in vitro transcription was performed with mMessage machine SP6 
Kit (Ambion) according to manufacturer’s instructions. Capped mRNA were purified with 
the RNAeasy kit (Qiagen).  Standard scrambled control (5’-CCTCTTACCTCAGTT- 
ACAATTTATA-3’), mismatched (5’-GAGGCTTGTCATTGTCTCTGGTTTC- 3’) and 
antisense (5’-GACGCTTCTCATTCTCTGTGCTTTC-3’) morpholinos were designed as 
previously described (Poirier et al., 2006).  The PCSK9 heterozygous mutant with a C > 
A premature stop codon in Tyr585 (sa23639, Zebrafish Mutation Project) was 
genotyped with the following primers (PCSK9 For: 
CATCTGGAGAAGCATCAGACTCTG; PCSK9 Rev: 
CCATTTACGTGACGTCACACTTAAC). In-crosses of heterozygous parents were used 
due to homozygous embryonic lethality. 
 
Micro-injection 
To alter the expression of PCSK9, 1-cell-stage wildtype zebrafish (leopard background) 
were injected through pulled glass needles by pulsatile injection using a Picospritzer 
(FemtoJet, Eppendorf). 50-100ng of full length zebrafish or human PCSK9 capped 
mRNA were injected for PCSK9 over-expression and 250μM of control, missense and 
antisense morpholino oligos were injected for PSCK9 knockdown. Embryos from the 
same clutch were used to prevent inter-clutch variations.  
 
Caspase 3 staining 
Wholemount Caspase-3 immunostainings were performed on 1 and 5 days-post-
fertilization (dpf) zebrafish as previously described (Weber et al., 2016, Development) 
using an anti-caspase3 antibody (ab13847, Abcam). Embryos at 1 dpf were fixed in 
4%PFA/PBS 6 h after treatment with EtOH. Larvae at 5 dpf were fixed after 4OHT 
treatment in 4%PFA/PBS for 3 h or overnight. 
 
Image acquisition and analysis 
Three independent experimental replicates were performed.  Larvae were fixed in 
4%PFA/PBS at 5dpf to perform body length and interocular distance analysis using 
these previously established developmental hallmark statistics (Escamilla et al., 2017, 
Nature).  Larvae were photographed with a 12MP camera (iPhone6, Apple) with a 10x 
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lens adaptor (Amazon.com) on a dissecting microscope (Zeiss) with a micrometer 
marker.  Body length (from snout to tail fin) and interocular distance (distance measured 
between the eyes looking at the top-view of the zebrafish) were quantified with images 
imported into Fiji (ImageJ, NIH), distance metrics were measured and normalized to the 
in-image micrometer distance. Measurements were exported to Excel (Microsoft) and 
statistics were derived with custom MatLab (Mathworks) scripts. Analysis scripts are 
available upon request. 
 
Cartilage staining 
To study the disruption of the zebrafish ventral jaw structures, the cartilage was stained 
by Alcian Blue where 5dpf larvae were fixed in 4% paraformaldehyde overnight at 4 
degrees C, followed by two rinses in 1x PBS Tween (0.1%) before staining overnight in 
Alcian Blue solution in EtOH (Electron Microscopy Sciences #26116-06) before washing 
and mounting in glycerol. Photographs were acquired as described above and were 
cropped using Photoshop (Adobe); otherwise presented unchanged. 
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Supplementary Tables 

  Controls Deletions Duplications 
ΔCT 8.893 8.368 9.772 
  9.525 8.633 8.886 
  7.384 5.058 9.077 
  7.977 7.987 7.394 
    7.106 8.624 
    8.410   
Avg ΔCT 8.445 7.594 8.751 
ΔΔCT   -0.851 0.306 
2^(- ΔΔCT)   1.804 0.809 

 

Table S1, Related to Figure 3: qPCR calculations for PCSK9 expression 
Calculations for the qPCR experiment to find the expression changes of PCSK9 in the patient 
cells at the iPSC stage. A qPCR experiment was done using GAPDH as the control gene and 
ALDOA as a comparative gene with a known change in expression. ΔCT calculations were 
made between the GAPDH values and PCSK9 values. 
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  Control FPKM CNV FPKM Fold Change P-value 
Del 
(Independent) 

.662719 .830143 .324963 .11315 

Dup 
(Independent) 

.758187 .680505 -.155946 .4468 

Del (Group) .709035 .8326 .231767 .2026 
Dup (Group) .709035 .678298 -.0639365 .7311 

 

Table S2, Related to Figure 3: Mouse brain RNA-Seq data PCSK9 values 
The FPKM, fold change, and p-values for PCSK9 in the CNV mouse data. 
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