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Somatic mutations in the human brain: Tracing the origins of cancer
and schizophrenia
Abstract
Somatic mutations, present in a subset of cells in the body, provide a unique opportunity for mechanistic
understanding of disease. Somatic mutations represent natural experiments in humans akin to conditional transgenic mouse models, where only a subset of cells is affected. These somatic mutations can occur at any time during development, producing a spectrum of mosaicism from being present in multiple organs to being limited to a
single cell, elucidating cell type specific contributions to many diseases.
The Introduction chapter provides background to the field of genetics with a focus on how somatic mutations have been used to understand cancer evolution from normal tissues as well as current literature and models
about the role of somatic mutations in neurological and neuropsychiatric disorders. Special attention is given to
two broad classes of somatic variants, single nucleotide variants (SNV) and copy-number variants (CNV).
Chapter 1 focuses on the analysis of clonal somatic mutations in non-diseased human brains, revealing a robust prevalence of oncogenic mutations, especially in the brain’s white matter. Targeted sequencing of 110 individuals for genes implicated in brain tumors detected oncogenic somatic mutations in 5.4% of brains, including the classic glioma mutation IDH1 R132H. The IDH1 R132H variant was highly enriched in glial cells, but
surprisingly was also detected in neurons, suggesting that this mutation arose prenatally during brain development, and later expanded in glial cells through proliferation. This finding represents one of the first observation
of the developmental origin of adult-onset variants in brain tumors in humans. Analysis of 1,816 healthy human
brains, from fetal to old age, further revealed that mutational patterns of somatic mutations in normal human
brain resembled those of gliomas, suggesting that the mutational processes of normal brain drive early glial oncogenesis. In addition, macro-clones carrying somatic mutations in the brain were surprisingly depleted in older
individuals. This result suggests that the presence of somatic mutations affecting a significant portion of the cells
in the brain might contribute to disease pathology throughout life.
Chapter 2 describes work on mosaic somatic copy number variants (sCNV), that not only suggests roles for
them in schizophrenia (SCZ) causation, but also in response to treatment. While inherited and de novo CNVs
are familiar causes of SCZ, this study represents the largest study of sCNVs. Studying 12,834 SCZ cases and
11,648 controls revealed that sCNVs were more common in SCZ than in controls. In addition, we observed
recurrent, somatic deletions of exons 1-5 of the NRXN1 gene in 5 SCZ cases, with Hi-C analysis suggesting a
specific rewiring of regulatory elements in response to this recurrent deletion. We also observed 5 recurrent intragenic deletions of ABCB11, a gene associated with anti-psychotic response, specifically in treatment-resistant
SCZ cases. Taken together our results indicate an important role of sCNVs in both SCZ risk and treatmentresponsiveness.
Chapter 3 describes work studying somatic point mutations (sSNV) in ultra-deep (267x) whole genome sequencing data of neuronal DNA from SCZ cases and controls, uncovering two mutational footprints reflecting a
mutational process we referred to a skiagenesis. We find that SCZ cases show significantly more sSNV compared
to controls, suggesting a strong association to disease risk. This increased mutation burden was partly driven
by very high mutation rates at active transcription factor binding sites (TFBS) in promoters of brain-expressed
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genes in a subset ( 13%) of SCZ cases. These mutations in TFBS show characteristic T>G substitutions and CpG
transversion patterns as a consequence of the inability of DNA repair machinery to access and repair those transcription factor bound sites efficiently. Our results implicate a genetic footprint of prenatal events in SCZ that
might synergize with environmental and other genetic liability to disease.
Chapter 4 ties together all the insights from the studies presented and develops the implications of their major findings, as well as potential future areas of research. Overall, this thesis presents a snapshot of how somatic
mutations can be used to gain unique biological insights of neurological and neuropsychiatric disease.
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1.1

Inherited, de novo, and somatic variants affect a different proportion of cells and tissues. (a)
Inherited variants are present in all cells of the parent and are transmitted to the offspring during
fertilization, causing all the child’s cells to carry the variant. (b) De novo variants occurring in the
parental germ cells can pass the variant to the offspring during fertilization, resulting in all child’s
cells carrying the variant. (c) Somatic variants can occur before gastrulation and organ cell commitment resulting in these variants to be present in a fraction of cells in several tissues such as brain and
blood. (d) If somatic CNVs occur after gastrulation they can be organ specific, with variants arising during cortical neurogenesis present in the brain – later occurring variants can be more focal.
This figure was adapted from Maury et al. 147 . . . . . . . . . . . . . . . . . . . . . . . . . .
3
Genomic studies in healthy individuals suggest prevalent cancer-associated mutations in normal proliferative tissues. As published in Martincorena et al. 141 . Schematic representation of the
clonal mutational landscape across normal esophageal epithelium. Somatic clones carrying known
oncogenic driver mutations increase with age, as well as with exposure to tobacco smoke, showing
how the somatic mutational landscape of normal tissues can be shaped by endogenous processes
and epidemiological factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5
Approaches to study somatic CNVs in neuropsychiatric disorders. The most used tissues for
the study of somatic CNVs are blood and post-mortem brain tissue. These approaches have technical considerations to have favored/limited their use to answer specific question. Most of the current somatic CNV burden estimates for neuropsychiatric disorders come from blood studies, however these are likely to be underestimates as there are limited to early events. While the study of postmortem brain tissue has provided insights into somatic CNV rates in the non-diseased brain, the
small sample sizes of neuropsychiatric studies limits the generalizability of their findings in a neuropsychiatric disease context. As published in Maury et al. 147 . . . . . . . . . . . . . . . . . . 15
Experimental strategy. General scheme of our methodological pipeline using targeted sequencing for variant discovery and in silico analyses of large-independent cohorts spanning from fetal to
older ages (BrainVar and GTEx databases). DNA obtained from 418 samples derived from normal
brain and non-brain tissue were analyzed using MIPs, capturing genes associated with brain tumors,
pan-cancer, and focal cortical dysplasia. Samples were deep-sequenced, and called variants were validated using ion torrent ultra-deep-sequencing. Brain samples from 846 BrainVar (n=166) and GTEx
(n=1640) databases were analyzed to discover oncogenic variants and to evaluate copy number variants, mutational signatures and aging correlations. . . . . . . . . . . . . . . . . . . . . . . . . 19
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1.2

1.3

1.4

Non-diseased brains harbor low allele frequency cancer reported mutations. (A) Correlation
between MIPS and Ion torrent VAFs of 12 unique variants detected in the normal brain. (B) List
of validated brain-specific somatic variants showing general information such as variant allele frequency, pathogenicity prediction, and presence in cancer databases. Additionally, we describe detected germline variants with functional impact for each individual. N/R= Not reported, NSYND3=highest
score in predicted pathogenicity, UNCERTAIN= Uncertain pathogenicity of variants with clinical significance, CLINSIG. (C) Distribution frequency of 856 genes affected by the detected oncogenic variants found in the brain. (D) Distribution frequency of the most affected driver genes found
in LGG with pathogenicity relevance (Intogen database), black arrows indicate overlap with our
discovered genes. (E) Number of oncogenic mutations found in CXW (circles, two-tailed Fisher
exact test, p=0.025) as a function of age (years). (F) Comparison of the number of pathogenic mutations found in CX (n=53), CXG (n=92) and CXW (n=94) and HC (n=69) (Fisher exact test, CXW
vs. CXG p=0.028, HC vs. CXG p=0.182, CXW vs. HC p=0.4). . . . . . . . . . . . . . . . . 21
Oncogenic mutations are enriched in the white matter and glial cells. (A) Schematic illustrating the discovery of the IDH1 R132H mutation in the normal PFC of a 17y/o individual. The mutation was identified in two adjacent WM samples and not present elsewhere, including GM from
the same section or GM/WM from the following brain section. White matter is mainly composed
of neuronal axons, astrocytes, oligodendrocytes, and OPCs, while GM is combination of neurons
with glial cells. (B) Illustration of the two focal and distant pathogenic mutations found within the
same brain. (C) Schematic of nuclear sorting protocol to isolate neuronal (NEUN+) and non-neuronal
cells (NEUN-). Nuclei were evaluated using single-cell RNAseq. TSNE plot of 3700 NEUN+ nuclei, showing an exclusive presence of excitatory and inhibitory neurons but not glia (upper panel).
Evaluation of 1800 NEUN- nuclei showing the presence of glial cells but not neurons (lower panel).
(D) Fold change gene expression of NEUN- vs. NEUN+ nuclei subdivided by different brain celltypes. (E) Genotyping of the IDH1 R132H mutation by ddPCR. Graph shows the ratio of mutant/wild type droplets analyzed in different sorted populations (each data point corresponds to
300 sorted nuclei), showing a nominal 878 enrichment in the NEUN- glial fraction. Genomic DNA
without the IDH1 R132H mutation was used as a control for the ddPCR reaction (CTRL). . 25
Somatic mutations detectable by RNAseq do not accumulate with age in the normal brain.
Evaluation of somatic mutations using RNA-MuTect in 1,640 GTEx and 166 BrainVar non-diseased
brain samples. Suspected RNA editing bases A>G, and T>C were removed to reduce false positives
as well variants with VAF>40%. Dotplots showing the proportion of samples with at least one mutation across age and forest plots of the aging incidence rate ratio for all mutations (A), predicted
pathogenic and non-pathogenic mutations (B), and disruptive (nonsense, splice site) and non-disruptive
mutations (3’ UTR, 5’ UTR, 5’ flank, or nonstop) (C). Error bars are the Clopper-Pearson 95% confidence interval of the sample proportion. Forest plots also include standardized RNA integrity score,
and standardized total mappable read count, with horizontal lines indicating 95% confidence intervals. Incidence rate ratio was estimated using mixed-effects negative binomial model with donor
ID as a random-effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
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1.5

1.6

2.1

Copy number variants are found in the normal brain. (A) Visualization of detected somatic copy
number variants (sCNVs) in the GTEx and BrainVar databases. Color codes indicate different age
ranges, brain regions and types of alteration (gain, loss or loss of heterozygosity (LOH)). Upper bar
plot summarizes the counts of the different alteration types and the bar plot on the left side also summarizes the alteration types but sorted by chromosome. Labels along the left y-axis refer to chromosome arms and the percentages displayed in the right y-axis represent the frequency of events in
each chromosome arm. (B) Distribution of sCNVs events across different ages from prenatal to elder. The number of individuals under each age range is described under the age label. (C) Graphic
representation of two representative sCNVs and the genes located in that region, one involving the
whole chromosome 19 found at 19% clonality, and the second involving the q-arm of chromosome
22 found at 24% clonality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Mutations found in normal brain exhibit signatures present in brain tumors. Mutational signature
analysis of normal brain and skin (VAF<15%). Number of mutations evaluated is described next
to the tissue label and graphs show bases substitution, signatures and spectrum obtained for each
tissue. Colored circles next to each signature represent that the signature was observed in cancer (green=brain
cancer, purple=skin cancer). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Somatic CNV burden in Schizophrenia. A) Schematic of sCNV calling and filtering strategy. B)
Cumulative distributions of cell fraction with events in our final call-set (Post-QC Early developmental sCNVs), and those filtered as potential CHIP events (Filtered CHIP calls). C) Trident plot
of final call-set. Each point represents an event with different colors and shapes indicating the subject’s diagnoses and array type. D) Percent of individuals with at least one sCNV in cases and controls across different minimum cell fraction thresholds. Dots represent the mean fraction, and the
lines represent the 95% CI from the binomial distribution using the Wilson’s score interval with
Newcombe modification. P-values were calculated using a two-sided Fisher’s Exact Test. E) Histogram of sCNV size (log10 scale) in cases and controls. F) Box plots of the sCNV cell fractions in
cases vs controls. G) Box plots of the number genes overlapped per Mb of sCNVs in cases and controls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
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2.2

2.3

2.4

Somatic deletions of NRXN1 exons 1-5. A) Adapted GenomeBrowser view of 7 somatic deletions of NRXN1. The alpha promoter and in-frame ATG/methionine sites on exons are annotated
for NRXN1. Histone marks were obtained from Roadmap epigenomics tracks (Roadmap Epigenomics Consortium et al., 2015). Potential cryptic promoter/enhancer is marked by a red-box. Gray
horizontal bar indicates CNV previously called as germline that was found to be somatic. B) Prevalence of somatic deletions of NRXN1 exons 1-5 in SCZ, controls, and UK Biobank. P-values were
estimated using two-sided Fisher’s exact test, and 95% CI were obtained using the Wilson’s score
interval with Newcombe modification. C) IGV plots of the deletions of 3 SCZ subjects with somatic deletions in NRXN1 exons 1-5 from whole-genome sequencing data. For illustration purposes not all the reads at this region were shown. D) Histogram of the distribution of number of
overlaps of NRXN1 exons 1-5 from randomly shuffling the discovered NRXN1 sCNVs across the
NRXN1 locus. The blue dashed line is the observed number of overlaps which is equal to 6. E) Breakpoint analysis schematic showing observed insertions and microhomology at the breakpoints of the
NRXN1 sCNVs along with event length (NHEJ: non-homologous end-joining repair, Alt-EJ: alternative end joining). F) Unphased Hi-C heatmap for hiPSC derived neurons with and without
5’ (exons1-2) deletions. Black bars indicate regions of somatic NRXN1 deletions. G) Phased HiC heatmaps for hiPSC derived neurons. Green circles indicate areas of higher signal with 5’ deletion of NRXN1 in the affected allele. Black bar indicates germline NRXN1 deletion of exons1-2.
RE stands for regulatory element. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Somatic CNVs overlap ABCB11 gene in treatment-resistant SCZ subjects. A) Adapted GenomeBrowser view of 5 somatic deletions and 1 somatic duplication of ABCB11. Protein domains of interest overlapped by the sCNVs have orange font. B) PyMOL schematic of the ABCB11 protein
indicating the HAX1 protein interaction region and the ABC transporter 1 domain which are affected by the somatic deletions of ABCB11. The protein is on a “inner-open” conformation since
it is not bound to ATP. C) Prevalence of intragenic sCNV in ABCB11 gene in SCZ and controls.
D) Prevalence of intragenic sCNV in ABCB11 gene in CLOZUK cohort samples. For C and D,
p-values were estimated using two-sided Fisher’s exact test, and 95% CI were obtained using the Wilson’s score interval with Newcombe modification. E) Left panel: 2-D UMAP coordinates of 15,684
dopaminergic (DA) neuron profiles obtained from a recent survey of midbrain DA neurons obtained from Nurr1-enriched snRNA-seq 88 . Points are colored by DA subtype. Middle panel: Feature plot of expression of ABCB11 transcripts overlaid onto 2-D UMAP coordinates from left panel.
Values indicate normalized expression data. Right panel: dot plot of normalized ABCB11 transcript
expression across DA neuron clusters. Color shade indicates scaled average expression per cluster
and percent of cells expressing the transcript. Note that 30% cell expression is the expected value
of high expression given the use of 10x scRNA-seq platform. . . . . . . . . . . . . . . . . . . 52
Somatic CNVs differ in size, gene content, and location from germline CNVs in SCZ. A) Boxplot of event length in SCZ in the somatic and germline state. B) Plot of the number of genes affected per Mb. The p-values for panels A and B were calculated using mixed effect model regression with batch as a random effect. C) Bar plots showing the percentage of the CNVs on each category that overlapped recurrent germline rare CNV regions in SCZ, across three different minimum
recurrence thresholds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
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3.1

3.2

3.3

Increased genome-wide sSNV burden in schizophrenia cases compared to controls. A) Schematic
of experimental and analysis design. Notably, neuronal clonal somatic mutations that are shared
across neurons originate during prenatal brain development; occurring either before organogenesis (pre-gastrulation), resulting in somatic variants present in cells across multiple tissues, or during neuronal proliferation during neurogenesis. Mutations occurring postnatally in neurons are
not clonal and hence undetectable with this method. B) Histogram of average sequencing coverage for schizophrenia cases and control samples. C) Scatter plot of Deep WGS variant allele fraction (VAF) for variant submitted to validation and the VAF from the validation amplicon sequencing. R-squared value best-fit line and 95% confidence band was computed from ordinary linear regression model. D) Scatter plot of number of sSNV per sample for schizophrenia cases and controls.
Large points represent the sample means. The p-value was calculated using poisson regression. E)
Scatter plot of VAF as a function of the number of reads covering the variant position. Margin plots
show the corresponding marginal distributions for cases and controls for VAF and variant depth.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
Increased sSNV rate at developmentally active transcription factor binding sites. A) Bar plot
of binomial regression interaction term between epigenomic tracks and disease status. Positive values indicate enrichment in schizophrenia and negative values indicate depletion. Line ranges indicate 95% confidence intervals from binomial regression. B) Somatic SNV rate at +/- 10Kb region
from active transcription factor binding sites (TFBS) in fetal brain (TFBS+DHS), and active TFBS
at promoter regions. C) Bar plot of rate ratios at binned regions around TFBS in schizophrenia. D)
Heatmap of rate ratios in schizophrenia at TFBS using different DHS tracks. E) Rate ratio in schizophrenia around TFBS at DHS regions private to brain and non-brain regions (left), and private to adult
or fetal tissues (right). For panels C, and D, p-values and confidence intervals were calculated using Poisson tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
Increased somatic T>G base substitutions at active transcription factor binding sites in schizophrenia. A) Forest plots of rate ratios in schizophrenia of different base changes in active TFBS at promoter regions at non-CpG sites. P-values and 95% confidence intervals were computed using a Poisson test. B) Trinucleotide context plot of sSNV in schizophrenia at active TFBS and promoter sites,
along with COSMIC signatures SBS17b, SBS18, and CpG transversion signature Component 11 190 .
C) Proportion bar plots of the contribution of SBS17b, SBS28, along with SBS1 and SBS5, to the
mutational spectrum in schizophrenia and control sSNV genome-wide and at promoter regions.
P-values were calculated using a Fisher’s exact test. D) Contribution of SBS17b and SBS28 to the
mutational spectrum in schizophrenia and controls samples as sSNV per sample. Left-plot: scatter plot of the contributions of SBS17b and SBS28. P-value was calculated using the spearman rank
test. Middle and right plot show bar plots of the estimated sSNV contribution to each sample coming from SBS17b and SBS28. E) Empirical cumulative distribution plots of T>G mutations at active TFBS (blue) and the rest of sSNV in schizophrenia samples (red). P-value was calculated using Kolmorogrov-Smirnov test. F) Adapted Genome-Browser plot of a T>G mutations at chr21
in the promoter regions of the potassium channel gene KCNE1. Shades of gray on the DNAse Hypersensitivity tracks and TF Chip-seq annotations is proportional to the maximum signal strength
observed in any cell line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
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3.4

Increased somatic CpG transversions at active transcription factor binding sites in schizophrenia and hypothetical schematic of skiagenesis mutational model. A) Forest plots of rate ratios
in schizophrenia of different base changes in active TFBS at CpG sites. B) Schematic of enzymatic
demethylation mechanism resulting in CpG transversions. Abbreviations: 5meC, 5-methyl-cytosine;
5hmc, 5-hydroxymethyl-cytosine; AP abasic site. C) Forest plots of rate ratios of CpG transversions
active TFBS in promoter regions from schizophrenia, Autism Spectrum Disorder, and aggregated
control sSNV. For panels A and B p-values and 95% confidence intervals were computed using a
Poisson test. D) Schematic of the model of skiagenesis. Abbreviations: TF, transcription factor; AP
abasic site; Goxo, oxo-guanine. In the model, a mutational agent such as oxidative damage or enzymatic demethylation produces a lesion. The lesions can be repaired by DNA repair machinery,
but these enzymes can be inefficient through steric inhibition by TF binding, resulting in mutation
creation through replication. These mutations can then contribute to the higher sSNV burden observed in SCZ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

A.1

Variant allele fraction distribution of outlier sample and somatic gain in schizophrenia. A)
Density plot of variant allele fraction in CMC_MSSM_224 sample compared to the rest of the samples. P-value was computed using the Kolmorogrov-Smirnov test. B) Plot of somatic gain in a SCZ
sample. Heatmap represents the likelihood function with the red dotted lines indicating the likely
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Introduction

This section is based on the following paper I contributed to during my PhD:
Maury EA, Walsh CA. Somatic copy number variants in neuropsychiatric disorders. Curr Opin Genet Dev. 2021
Jun;68:9-17. doi: 10.1016/j.gde.2020.12.013. Epub 2021 Jan 11. PMID: 33444936; PMCID: PMC8205940.
Supplementary Material: All supplementary material can be found in the supplement of Maury et al. Current
Opinion Genetics and Development 2021.
The central dogma of biology states, at its most fundamental level, that all the phenotypic information of an
organism (i.e., its physical appearance and behavior) is encoded in every cell of an organism in the form of DNA.
DNA is made up of units called bases, of which humans have only four: adenine, cytosine, thymine, and guanine
(A,C,T, and G) forming a double-stranded helix 221 . The information is encoded in specific sequences of these
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bases across the DNA, called the genome. This information can then be transcribed into another intermediary
structure called RNA, which then gets further translated into proteins, governing cell function.
Due to its important role in the central dogma, changes in the sequence of the genome, i.e., mutations, can
significantly alter the cellular function of the organism, potentially resulting in disease. In the past 30 years, the
study of how these sequence changes affect normal function has greatly expanded our understanding of health
and disease. These insights have been facilitated largely by the sequencing of the first human genome in 2003 114 ,
and the explosion of high throughput sequencing technologies 191 , allowing us to measure genetic variation at a
large scale.
These large-scale genomic studies, however, implicitly assume that every cell within an individual has the same
genome. Recent work has demonstrated that even in normal physiological conditions, cells from the same type
and in close proximity can have markedly different genomes, with some of these changes accumulating with
age 130,143,141,129,1 . We call these mutations somatic mutations, which are present in a subset of cells in the body,
which differentiates them from germline mutations which are inherited from the parents and are present in all
cells of the body. Depending on when these somatic variants occur during development, they might be present
in all organs of the body in a mosaic state or be private to a single cell 17 (Figure 1). For example, if somatic variants occur prior to gastrulation they might be found across all parts of the body, but if these variants arise during
neurogenesis, then they might be present in a subset of neuronal cells in the brain, while if mutations are acquired during aging they might be present in a single cell 130,129,17 (Figure 1).
The study of somatic mutations provides a unique opportunity for mechanistic understanding of health and
disease biology. In the field of psychiatric genetics, family-based genetic studies, genome-wide association studies (GWAS), and next generation sequencing studies using whole exome and genome sequencing have identified
multiple rare, and de novo single nucleotide variants (SNVs)–exchanging one base for another at one genomic
position– and copy number variants (CNVs)–duplication or deletion of parts of the genome– associated with
increased risk of autism spectrum disorder (ASD), schizophrenia (SCZ), and bipolar disorder 32,186,195,80,53,196,188 ,
explaining a modest fraction of disease risk. These variants are under evolutionary constraints, such that only
non-lethal mutations can be observed when studying germline mutations. Mosaic (somatic) variants are not
under the same evolutionary constraints as germline variants, allowing us to observe mutations that would be embryonically lethal if present in all cells. For example, mutations in the MTOR pathway that lead to focal cortical
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Figure 1: Inherited, de novo, and somatic variants affect a different proportion of cells and tissues. (a) Inherited variants are present in

all cells of the parent and are transmitted to the offspring during fertilization, causing all the child’s cells to carry the variant. (b) De novo
variants occurring in the parental germ cells can pass the variant to the offspring during fertilization, resulting in all child’s cells carrying
the variant. (c) Somatic variants can occur before gastrulation and organ cell commitment resulting in these variants to be present in a
fraction of cells in several tissues such as brain and blood. (d) If somatic CNVs occur after gastrulation they can be organ specific, with
variants arising during cortical neurogenesis present in the brain – later occurring variants can be more focal. This figure was adapted
from Maury et al. 147

dysplasia (FCD) and hemimegalencephaly 118,45,166,38,238 had been rarely reported in the germline state because
they lead to death prenatally or soon after, but in the somatic state they were shown to be causative to the disease 118,45 . In addition, somatic variants allow the study of natural experiments akin to conditionally transgenic
mouse models, where only a subset of cells are affected, and permit assessment of whether mutations in a mini-
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mal affected subpopulation of cells can contribute to the genetic architecture of neuropsychiatric disorders, or
whether it depends on the widespread presence of mosaic events in multiple cell types.
Work on the dynamics of somatic variants in non-diseased tissue has provided new biological insight into disease. For example, in the field of cancer genomics, the consensus thus far is that tumor evolution is characterized
by the accumulation of driver mutations in cancer genes, which provide increasing growth advantage to particular cell clones, resulting in uncontrollable expansion of cancer cells at later stages 214 . However, this staging
process assumes that somatic mutations must accumulate in normal cells before undergoing transformation. Until recently studying somatic mutations in normal tissues remained challenging because of the highly polyclonal
structure of normal cells and the technical limitations to detect mutations that might make just a fraction of the
cells in comparison to mutations that are present in all cells (germline mutations), or mutations from cancer samples with high tumor purity 143,41 .
Studies of the somatic mutational landscape in normal tissues has illuminated the interplay between clones
carrying cancer driver mutations and those without, as well as the presence of mutational processes that were previously thought to be specific to a cancer type that sometimes resemble mutational processes present in normal
tissues 143,60,82,154,112,234,141,121,11,22 . In sun-exposed skin, targeted sequencing of small biopsies, revealed that they
carried on average over 10,000 somatic mutations 143 . Surprisingly, there was robust evidence of positive selection
in cancer genes, suggesting that mutations in these genes resulted in clonal expansions in normal tissues, while
not becoming cancerous per se.
Similar studies have been carried in other proliferative tissues such as esophagus 141,234 , where somatic mutations in NOTCH1 and TP53 were found in more than 20% of the cells in middle-aged and elderly patients. The
somatic mutations were strongly associated with age 141,234 , along with smoking and alcohol use 234 , which offered an early example of how studying somatic mutations in normal tissues could provide mechanistic insights
into the epidemiology of diseases such as esophageal squamous carcinomas (Figure 2).

0.0.1 Mutational signature analysis to understand mutagenesis in health and disease
The genomes of cells in the human body acquire various types of DNA damage as a byproduct of multiple cellular processes such as replication and transcription 7,154 . Most of these DNA lesions are efficiently repaired by
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Figure 2: Genomic studies in healthy individuals suggest prevalent cancer‐associated mutations in normal proliferative tissues. As

published in Martincorena et al. 141 . Schematic representation of the clonal mutational landscape across normal esophageal epithelium.
Somatic clones carrying known oncogenic driver mutations increase with age, as well as with exposure to tobacco smoke, showing how
the somatic mutational landscape of normal tissues can be shaped by endogenous processes and epidemiological factors.

DNA-repair machinery. However, various factors such as protein-DNA interactions or enzymatic deficiencies
can impair these repair mechanisms resulting in mutations becoming fixed in cells 8,7,183 . This interplay between
mutagenesis and repair leaves behind a characteristic footprint in the DNA sequence. Through the statistical
analysis of genomic data, it is possible to detect these footprints and measure the contribution of various mechanisms to the overall pattern of mutations observed in a sample.
To provide evidence of a causative role of a specific mutational footprint and a corresponding process, a
strong statistical association between exposure to a chemical agent, or genetic/epigenetic dysregulation of DNA
maintenance needs to be established. For example, the genomes of lung tumours of cigarette smokers exhibit
a characteristic G>T somatic mutational pattern that is driven by a chemical compound in cigarette smoke,
benzo[a]pyrene 7 . In neurons, studies of single cell whole genome sequencing (scWGS) and single molecule sequencing have revealed a strong association with a mutational footprint enriched for T>C mutations and transcriptional mediated damage and the age of the individual from which the neurons were extracted 129,1 . Another
study analyzed the genomes of single cells from the forebrains of three human fetuses using clonal cell popula-
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tions, and discovered that the sSNV mutational pattern resembled those found in cancer cell genomes, suggesting
a potential role of background mutagenesis to tumor evolution 14 . Interestingly, that same study showed a shift
in the mutational patterns towards more oxidative damage (C>A mutations) in later stages of development 14 .
However, it is unclear if this oxidative process might be driven by the passage of clonal cell populations in vitro,
which has been reported to lead to C>A mutations occurring in vitro 110 .
Neuropsychiatric disorders like schizophrenia have been associated with differential exposures to environmental and endogenous processes. However, how these processes might leave mutational footprints or how
these mutational processes might interact with disease pathology remain largely unexplored. Clinical epidemiology 48,21,95 and animal model studies 48,232,100 suggest that a portion of schizophrenia cases might be influenced
by maternal infection during fetal development. During this early post-zygotic period, schizophrenic individuals can also be exposed to epigenetic dysregulation 78,32,182 which could potentially result in DNA maintenance
disruptions, leading to a mutational footprint. Post-nataly and into adulthood individuals with schizophrenia
are also exposed to environmental factors such as higher rate of tobacco smoke, recreational drug use, and medication, which might alter their somatic mutational make up. Statistical analyses of somatic mutations across different developmental periods of schizophrenia provide an untapped resource to understand how these multiple
exposures might alter the genomic landscape of individuals with schizophrenia.

0.0.2 Somatic SNVs in normal brain
The study of clonal somatic mutation (those shared within a group of cells) in normal human brain has remained
largely unexplored. Studies in scWGS have shown that somatic mutations in normal neurons create nested lineages, allowing these variants to be dated back to when they occurred in development 130,17 . Private mutations
in post-mitotic neurons also tend to accumulate with age 129,1 . Interestingly, the pattern of these private sSNV
based on the trinucleotide context (i.e., the base before and after the variant), tend to differ in different disease
conditions such as Cockayne Syndrome and Xeroderma pigementosum 129 , suggesting that somatic mutations in
neurons might also accumulate in response to pathological mutational processes.
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0.0.3 Somatic SNVs in neurodevelopmental and neuropsychiatric disease
Somatic variants have been causally implicated in epileptic neurodevelopmental disorders such as hemimegalencephaly 45,152 , focal cortical dysplasia 73,117,153,126 , and Sturge-Weber syndrome 193 , and also may contribute
to the risk of ASD 125,179,109,42 . Large-scale whole-exome sequencing studies from peripheral blood DNA have
estimated that somatic SNVs (sSNVs) make up 5.4-22% of all de novo variants in ASD 125,109,42 . While studying somatic variation from non-neuronal tissues offers the statistical power of large sample sizes 192,125 , somatic
variants identifiable from blood are limited to those that occur during the first few cell divisions of development, and great care must be taken to filter out variants that are limited to blood, representing age-related clonal
hematopoiesis (CHIP) 60 . By comparison, studies using post-mortem brain tissues, while inevitably limited in
sample size, offer the potential to provide key insights not readily available from studies using non-brain samples. For example, a recent study in ASD leveraged bulk ultra-deep ( 200X) whole genome sequencing (WGS)
of post-mortem brains from 59 cases and 15 neurotypical brains 179 , and suggested an enrichment of sSNVs in
brain-active enhancer regions in ASD cases compared to controls 179 , further suggesting a role of somatic variants
in ASD risk. Intriguingly, the germline genetic architectures of ASD and SCZ show great overlap as demonstrated by GWAS as well as rare CNV studies 32,120 , suggesting that somatic variants might be similarly expected
to have a role in SCZ liability.
The role of sSNVs in SCZ and related neuropsychiatric disorders remains largely unexplored. An earlier largescale study using whole exome sequencing (WES) data from blood samples from SCZ cases and controls revealed
large numbers of somatic mutations now recognized as limited to blood and reflecting CHIP, without differential burden or patterns of somatic mutations between SCZ cases and controls 60 . Moreover, a smaller study used
whole exome sequencing (WES) of brain DNA from 10 SCZ individuals and 9 controls reported a nominal excess of sSNVs in cases, but based on a total of only 32 variants 54 . The analytical pipeline used in that study also
discarded variants shared by matched non-brain tissue, hence limiting analysis to those sSNVs restricted to the
brain. A more recent study also showed similar limitations of sample size and calling 99 , however studies of ASD
suggest that clonal variants with higher mosaic fraction, while being present as mosaics across multiple tissues,
might actually be the most important to creating neuropsychiatric risk 125 . In addition to the small sample sizes,
WES does not allow for assessment of non-exonic regions of the genome, limiting the sensitivity to detect poten-
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tially novel mutational patterns in neuropsychiatric disorders affecting regulatory regions of the genome.

0.0.4 Somatic CNVs in normal brain
In addition to somatic mutations at single nucleotides, structural and copy number variants can arise in a mosaic
state throughout the body, however the frequency of somatic copy number variants (sCNVs) in the normal human brain and pathological conditions remains largely unknown. Studies of sCNVs in the normal human brain
have provided relative baseline rate measurements as well as suggested potential mechanisms that might lead to
neuropsychiatric disease. One of the first studies using fluorescence in situ hybridization (FISH) for only chromosome 21 in post-mortem brain tissue suggested an aneuploidy rate of ∼4% in neuronal as well as non-neuronal
cell populations in equal proportions 174 . This initial estimate suggested that somatic aneuploidy might be ubiquitous in the brain, and could potentially serve in the physiological role of generating cellular diversity. However,
more recent studies using single cell whole-genome sequencing (scWGS) suggest that the prevalence of chromosomal aneuploidy in the adult human brain is much lower, occurring in perhaps 2–5% of neurons, significantly
less than the 20% previously reported using older methods 105,23,150 . These findings suggest that, as in other tissues, aneuploidy is in general deleterious and rare in the human brain.
While somatic aneuploidy appears to be rare, scWGS studies have revealed that smaller, sub-chromosomal
sCNVs in neurons in post-mortem human brain occur in 13–40% of cells 23,150,29 . The reported events tend to
be large (>1 Mb) — indeed, present scWGS methods have limited ability to accurately detect smaller sCNVs —
with deletions being more common than duplications in neurons. In addition, McConnell et al. 150 found that
these sub-chromosomal sCNVs were not enriched in canonical regions involved in genome stability, nor regions
enriched for germline CNVs, which suggests that sCNVs could potentially alter novel regions of the genome
whose essential roles were not previously defined on the basis of germline CNV. Single neurons were also found
to have a higher frequency of complex karyotypes and affect more of the genome compared to non-neuronal
cells 29 . Cai et al. 23 also found one sCNV in 15q13.2-13.3, a CNV that has been associated with autism and other
neuropsychiatric disorders 188,185 .
The mechanism by which sCNVs occur in the normal human brain remains largely unknown. A mechanism
of post-zygotic CNVs that has gathered much attention in recent years is CNV variants that occur due to chro-
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mosomal instability in early embryogenesis, which might result in sCNV shared clonally by many cells 72,213 . The
early zygote’s chromosomal instability has been attributed to overexpression of cell-cycle promoting genes, and
reduced cell cycle checkpoints, along with a relative lack of support from tissue architecture 213,104 . Earlier singlecell genome analyses of blastomeres from human cleavage-stage embryos produced during the process of in vitro
fertilization have shown that up to 90% of embryos acquire numerical or structural chromosomal abnormalities,
with 39% of them being mosaic 209 , while other studies have suggested mosaicism levels as high as 73% 208 . In a
recent study Liu et al. 128 showed that there are embryos with multiple de novo CNVs that tend to be DNA copy
number gains that appear either as tandem duplications or as more complex DNA rearrangements. The breakpoint junctions tend to reveal sequence microhomology, suggesting that these CNVs involve erroneous DNA
replicative mechanisms, and are of post-zygotic origin, but surprisingly, tended to be present in all cells of the
individuals analyzed rather than exhibiting a mosaic pattern. However, this lack of mosaicism can be attributed
to the fact that not all blastomeres of a cleavage-stage embryo necessarily contribute to the fetal cell lineage, as
some of them contribute to the trophoblast/placenta, which might have a physiological role at preventing pregnancy loss 91,92 . As further studies characterize the mosaic pattern of these events, questions still remain such as
whether there is any genomic context enrichment of these CNVs or whether they tend to affect specific sets of
genes that might predispose to disease later in life. The genomic instability of the early zygote could predispose it
to obtain somatic structural variants present in a large fraction of cells, which might impact brain function akin
to neurodevelopmental disorders, though this remains an area of uncertainty.
While mechanisms of DNA instability suggest a way that neural cells could have gained sCNVs through mitotic cell division during early development, a major question is whether non-cycling neurons are subject to
ongoing creation of sCNVs, since until recently it has been impossible to study the genome of a single neuron.
Studies in mice have suggested that neuronal activity can produce double-stranded breaks in the DNA 197 . These
double stranded breaks could potentially result in mosaic CNVs even in the absence of cell division through
deletions secondary to non-homologous end joining repair (NHEJ), though this remains unproven. Neuronal
sCNVs were shown to occur in locations enriched in neural or synaptic genes using neural progenitor cells 222 .
Similar sCNV susceptibility of neuronal genes have been observed in post-mortem human brain using single-cell
DNA sequencing 29 . Thus, resolution of these events resulting in sCNVs may negatively affect neuronal function
in some cases.
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The dynamics of sCNVs through aging remain mostly unknown. While neuropsychiatric disorders have relatively early disease onset, which might suggest a genetic mechanism that occurs in early development, somatic
mutations could also be acquired with aging after development. This differential rate of somatic mutation acquisition is an attractive hypothesis for the heterogeneity of disease onset of neuropsychiatric disorders. Somatic
single nucleotide variants (sSNVs) have been shown to accumulate with aging in non-diseased neurons 129 . In
contrast, in a recent study using scWGS of 474 neuronal nuclei from 5 non-diseased individuals along with previous published data of 458 neurons from 11 additional individuals showed a surprising inverse correlation between the fraction of cells with CNVs and age, ranging from ∼37% in individuals younger than 25 years old to
∼5% for individuals older than 75 years old 29 . In this study the number of sCNVs per neuron had a general trend
towards more CNVs per neuron in older individuals, however there was large within individual variability of the
sCNV burden per neuron, suggesting this trend should be interpreted with caution. In addition, sCNV calling from scWGS tends to be biased towards larger events, implying that these trends if true might be relevant to
larger events that have a greater chance to be deleterious. Understanding the dynamics of sCNVs accumulation
on neural cells will likely require exploring a wide range of neuronal types and conditions. Nevertheless, these
data might suggest a deleterious role of sCNVs on neuronal survival since older individuals who are considered
healthy tend to have a lesser fraction of neurons with sCNVs.
Exploring the idea that age-related sCNV might contribute to disease, Lee et al. [24] performed a series of
RT-PCR and DNA in situ hybridization (DISH) experiments on normal and Alzheimer’s disease (AD) brain.
Their data suggested that a variety of structural rearrangements at the APP gene involved in AD were enriched
in the brains of individuals with sporadic AD and increased with aging, suggesting that sporadic recombination
events leading to sCNVs in this locus could contribute to disease risk. However, initial attempts to replicate these
findings found that key experiments in Lee et al. showed artifactual vector contamination, making it uncertain
whether any sort of amplification or recombination at the APP locus indeed occurs with age in vivo 98 . Consequently, even though deleterious effect of sCNVs are an interesting avenue to explain later onset neuropsychiatric phenotypes, the field would benefit from further characterization sCNVs of the aging dynamics of sCNVs
to fully assess their impact.
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0.0.5 Somatic CNVs in neurodevelopmental disorders
Somatic mutations including sCNVs have been shown to play an important pathogenic role in several neurodevelopmental disorders such as focal cortical disorders known as focal cortical dysplasia, hemimegaloencephaly
(HMG), and polymicrogyria 23,170,33,106 . These CNVs can result in lesions observable with clinical imaging such
as MRI as in the case of HMG, which is characterized as a brain overgrowth syndrome. Mosaic 1q gains has been
shown to play a causative role in this disorder using SNP arrays 170 and more recently scWGS 23 , which is consistent with results implicating gain of function mutations in the AKT3 gene which lies within the 1q region
that is involved 170,33,45,83 . In the scWGS study it was shown that the chr1 gain was actually tetrasomy, not trisomy, which could reflect a mosaic isodicentric 1q-1q event, as previously described in pediatric nasopharyngeal
cancer 16 . The gain of 1q was present in neuronal and non-neuronal cells, suggesting that it arose early in development, yet these sCNVs are generally limited to brain and produced a brain specific phenotype.
Large-scale studies using peripheral tissue SNP arrays have also been carried out to assess the burden of sCNVs
in developmental disorders (DD). A study of sCNVs using ∼7000 SNP arrays in an ascertained cohort of subjects
with developmental disorders estimated an event frequency of ∼0.9% of cases tested, which represented a 40fold enrichment in cases compared to control 101 . In this study they focused on events that were present in at
least 10% of cells, and larger than 2Mb. They found sCNVs that were consistent with the phenotypes of each
child, using the assumption that they expected the phenotype of the events to match that of the germline state
albeit less extensive. These results suggest the potential of early developmental sCNVs to alter brain function and
behavioral phenotypes.

0.0.6 Somatic CNVs in neuropyschiatric disorders
Some neuropsychiatric disorders such as autism spectrum disorder (ASD) tend to have an early onset of disease,
suggesting that somatic mutations acquired during development might contribute to disease liability. Studies of
sSNVs have implicated somatic variation in the genomic landscape of ASD 192,179,125,109,42,51 . A recent study of
somatic mosaicism in ASD used a novel sCNV calling algorithm that leverages haplotype-phasing information
from SNP array data to detect mosaic events present in as low as 1% of cells 192,132 . This algorithm was applied
to the blood derived SNP array data from the Simon Simplex Cohort and the SPARK datasets, totaling 12,077
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probands and 5,500 siblings. In this study, the percent of probands carrying a sCNV event was 0.4% compared
to the 0.2% of siblings. A statistically significant enrichment was of observed in events >4Mb in ASD. Larger sCNVs were positively correlated with ASD clinical severity as measured by SCQ summary score. Surprisingly, previously implicated CNVs loci such as 16p11.2 had no detectable phenotypic effects in the mosaic state, and were
if anything more common in normal individuals than ASD probands. This result led the authors to conclude
that mosaic and germline CNVs could result in autism through different mechanisms, requiring some events to
be present in all cells to create a phenotype. In the mosaic state, the events might be embedded in larger CNVs
that could be more toxic, thus restricted to a fraction of cells. In WGS of 59 post-mortem brain samples from
ASD, one case showed 10.3 Mb complex CNV gain of 2pcen-2q11.2 present in 26% of cells, considered likely
to be contributory, since it involved a region where germline CNV gain is associated with severe developmental
disability, and since the CNV included two genes associated with ASD (MAL and NPAS2) 192 . This case was
used to show that the sCNV was present in both neuronal and non-neuronal cells in brain, suggesting that better
methods might allow deeper analysis of the distribution of somatic events in postmortem brain. Together these
data suggest a modest but consistent contribution of sCNVs to ASD and neurodevelopmental disorders. The
likely contribution of sCNV to ASD (0.4%) appears to somewhat smaller than the contribution to more severe
DDs (0.9%), though this difference might still represent technical or ascertainment differences.
The great overlap in the genetic architecture of neurodevelopmental disorders such as ASD and other neuropsychiatric disorders suggests that sCNVs could similarly contribute to their genomic landscape 189,111,149 .
Whereas the familiar role of de novo germline CNV in SCZ has been best demonstrated by large-scale studies,
similarly large studies on sCNV have not yet been carried out. One of the first reports attempting to implicate
sCNVs in a neuropsychiatric disorder used multicolor FISH on post-mortem brain samples of six subjects with
SCZ. They observed aneuploidy in up to 0.5%–4% of neurons involving chromosomes X and 18 in two subjects
with SCZ 237 . More recent studies combining multicolor FISH and quantitative FISH estimated an aneuploidy
rate of 0.31−0.46% in controls and 1.09–2.73% in SCZ in autosomes 1,9,15,16, and 18 236,235,184 . These aneuploidy estimates obtained through FISH need further replication due to the small sample sizes analyzed. Methods
that incorporate next generation sequencing data at the single cell level to detect aneuploidies could potentially
provide more accurate estimates due to the analysis of larger sample sizes, and genome-wide measurements.
Smaller intra-chromosomal sCNVs have been observed using deep WGS data on SCZ post-mortem brain sam-
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ples 97 . In one study, Kim et al. used an integrated somatic deletion calling pipeline to identify brain specific sCNVs in three SCZ cases. They reported deletions in the genes CBX3, PRKRA, MRPL4, SUCLG2 and TDG in
SCZ, ranging from 466bp to 5.6Kb 97 . Deletions of PRKRA and MIR548N were observed in two independent
cases, which they interpreted as evidence that these genes might be in region susceptible to structural variation. It
will be interesting to see the potential relevance of these intriguing results to disease biology as larger sample sizes
are analyzed.
Twin studies have also been used to study sCNVs in schizophrenia 137,26 . In a recent study by Castellani et
al. 26 , they used next-generation sequencing from blood and cheek swab samples of two pairs of monozygotic
twins discordant for schizophrenia (MZD) and their families to characterize post-zygotic somatic variation. They
found multiple sequence differences between the twins from SNVs to CNVs and structural variants. Events involving glutamate receptor signaling and dopamine feedback in cAMP signaling pathways were enriched in the
affected twin in both families using an ingenuity pathway analysis, which aligns with previously studies suggesting the importance of synaptic machinery and the glutamate pathway in this disease 31,140,102 . The authors
suggest that these post-zygotic differences in MZD twins might increase the liability to SCZ for a given genomic
background, which could account for MZ twin discordance for these disorders 26 . However, some studies have
not been able to replicate such discordance in schizophrenia 155,135 , but did find discordance of somatic mutations between MZD for gender dysphoria 155 . These discrepancies might be due to limitations in validating lowfrequency allele mutations with Sanger sequencing 155 , but of greater concern is the small sample sizes of these
studies (2 pairs of monozygotic twins), which preclude strong conclusions about the role of sCNVs in disease
liability. Finally, it is worth mentioning that care must be taken when performing gene set enrichment analyses
in CNVs, especially in neurological and neuropsychiatric studies, since spurious enrichments of neuronal related
genes might be found based on the background distribution of these genes across the genome 173 . Thus, standard
enrichment methods might provide false positive associations if covariates such as event length, number of genes
overlapped, and length of the genes are not accounted for.
While evidence of a role of sCNVs in the genetic architecture of neuropsychiatric disorders also comes from
large scale blood derived studies, these studies must be performed cautiously due to the recently recognized tendency for blood cells themselves to undergo unequal clonal expansion with age. Causative somatic mutations
have been identified in peripheral tissue samples from patients with brain malformations or Rett syndrome at
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allele fractions of 1–43%, which translates to presence in 2–86% of cells 83,30 . These allele fraction suggest that
these mutations occurred early in development. Thus, analysis of peripheral tissues can provide a unique opportunity to analyze large sample sizes when the relevant brain tissue is not available and can provide insight into
those mutations that occurred in the early stages of development. However, care must be taken to exclude sCNVs in peripheral blood cells that arose secondary to clonal hematopoiesis (CHIP), which tend to be observed
in individuals older than 40 years-old 132,60 , and are uncommon in younger individuals 101,192 . In a study aiming to characterize the burden of sSNVs in individuals with SCZ and controls from blood derived WES, the
investigators were not able to find any enrichments in cases vs controls due to the large effect of clonal sSNV
accumulation with age as a result of CHIP events 60 . This study provides a cautionary tale on the limitations of
estimating somatic mutational burden in neuropsychiatric disorders from blood samples. As CHIP derived sCNVs are characterized further 132,133,202 , it may be possible to develop filtering criteria that produce mosaicism
distributions that are statistically different from those expected from a CHIP event. A study from the International Schizophrenia Consortium used blood derived SNP-array data from 3,518 SCZ cases and 4,238 controls.
Ruderfer et al. 181 estimated the rate of sCNVs to be nominally increased in cases (0.42% versus 0.26% in controls), though the sample size prevented this from reaching statistical significance. Their CNV events ranged
from 10Mb to complete chromosomal copy number changes, they thus concluded that these events were somatic
since such large alterations are unlikely to be viable with life. However, upon quantitative PCR and nanostring
validation of these events, they found that they were present in all the lymphocytes, which might indicate that
their method was not able to detect lower mosaic variants, and that these events might have resulted from clonal
hematopoietic expansion. Further studies using more sensitive sCNV detection pipelines, larger sample sizes, and
more stringent filtering criteria to dissect early developmental sCNVs from CHIP events should eventually allow
more accurate estimates of the role of sCNVs in SCZ (Figure.
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Figure 3: Approaches to study somatic CNVs in neuropsychiatric disorders. The most used tissues for the study of somatic CNVs are

blood and post‐mortem brain tissue. These approaches have technical considerations to have favored/limited their use to answer
specific question. Most of the current somatic CNV burden estimates for neuropsychiatric disorders come from blood studies, however
these are likely to be underestimates as there are limited to early events. While the study of post‐mortem brain tissue has provided
insights into somatic CNV rates in the non‐diseased brain, the small sample sizes of neuropsychiatric studies limits the generalizability of
their findings in a neuropsychiatric disease context. As published in Maury et al. 147
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1.1

Introduction

Tumors result from the clonal expansion of cells due to the presence of somatic driver gene mutations in stem
cells 205 . Even in normal individuals, self-renewing tissues such as skin, blood, esophagus, endometrium, bladder,
colon, and liver harbor cancer-associated somatic mutations, which increase with age 143,60,82,154,112,234,141,121,11,22 .
Recent work examining post-mortem brains from a small cohort of 14 non-diseased-aged individuals found mutations in cancer-associated genes, though none of the identified mutant alleles have a known role in oncogenesis 94 . Consequently, the prevalence of oncogenic driver mutations in the non-diseased human brain remains
largely unknown.
Primary gliomas and other brain tumors are considered to occur mostly within the white matter (WM) 115,19 .
WM is highly enriched in glial cells (approximately 75% oligodendrocyte lineage cells, 20% astrocytes, and 5%
microglia) 215 . One factor impeding assessing the contribution of clonal oncogenic mutations in the brain is the
abundance of non-proliferating neurons concentrated in the GM 215 . In contrast, brain-derived glial cells, including oligodendrocyte precursor cells (OPC) 231 and astrocytes to a lower extent 58 , retain the ability to proliferate
in the postnatal brain. Proliferation is a significant source of somatic mutations 6,205 , thus, prior conventional
bulk analyses with mixtures of neurons and glial cells may have low sensitivity to discover oncogenic variants if
they are present in glial cells which represent just a fraction of the total cells 215 .
To overcome this challenge, we performed targeted deep-sequencing of WM areas to identify clonal somatic
oncogenic variants and compared these to adjacent grey matter from the same brain region (Fig. 1.1, Fig. S1). We
also investigated 1,816 non-diseased brain RNA-seq datasets obtained from two independent cohorts, GenotypeTissue Expression (GTEx) 3 and BrainVar 224 , representing different brain regions and ages, with methods that
allow identification of clonal somatic variants. With our approach, we observe that the normal human brain harbors sSNVs and large somatic copy number variants (sCNVs) with oncogenic potential, suggesting glial susceptibility to acquire or further expand existing variants. In contrast with other tissues 60,82,154,112,234,141 , the burden
of clonal mutations representing macroscopic clones (VAF >7%) 233 in the brain does not detectably increase with
age, so that the mutations are less common in older individuals. The patterns of nucleotide substitution for these
sSNVs resemble those previously reported in brain tumors, suggesting that the mutational processes that give rise
to brain tumors pre-exist in normal tissue.
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1.2

Results

1.2.1 Experimental scheme
We analyzed a total of 418 samples derived from 110 individuals spanning different ages (0-108 years) (Table
S1A), with no history of neuro-oncological or other neurological diagnoses. We designed molecular inversion
probes (MIPs) 71 that target all exons and adjacent intronic sequence (to capture splice site mutations) of 121
genes directly associated with brain tumors and other cancer types (Fig. 1.1, Table S1B,C). Our panel represented
multiple pathways implicated in disease and different classes of proto-oncogenes and tumor suppressor genes.
First, to evaluate the presence and accumulation of oncogenic variants during aging in the normal human brain,
for each of the 110 subjects, we analyzed data from at least two different brain regions and one non-brain sample
(Table S1A). We primarily focused on the brain’s frontal lobe since it is the most prevalent location for malignant
tumor emergence, followed by temporal, parietal, and occipital 163 . Brain samples consisted for hippocampus
(HC), cerebellum (CER), and prefrontal cortex that was subdivided into grey (CXG) and white matter (CXW)
(Fig. S1A). When no clear anatomical distinction between CXW and CXG was possible due to tissue size or
frosting, the sample was labeled CX. Second, to test whether sampling more brain locations from one individual
would increase our sensitivity for oncogenic variants, we also evaluated 91 samples derived from 17 different
organs and the entire left hemisphere from one 17-year-old individual (UMB1465) (Fig. 1.1, Table S1A).

1.2.2 Identification of variants from deep-target sequencing
Somatic mutations associated with cancer can be either driver mutations, promoting clonal expansions in some
cases, or passenger mutations with a less clear effect. To investigate the potential clonal variant accumulation in
cancer genes within the non-diseased brain, we focused on low-allele-frequency variants with oncogenic potential. We define oncogenic variants as 1) previously reported pathogenic variants in cancer, or 2) predicted to be
damaging by in silico analysis in a known cancer-driver gene 64 . We generated deep-targeted sequencing data (average coverage of 590x per sample across targeted regions) (Fig. S1B) and used the CLCbio Low Frequency Variant
Detection algorithm (QIAGEN) to call somatic variants with a probabilistic error model to account for sequencing errors (see methods). No significant difference in sequencing coverage across ages or tissue types was observed
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Figure 1

Figure 1.1: Experimental strategy. General scheme of our methodological pipeline using targeted sequencing for variant discovery and

in silico analyses of large‐independent cohorts spanning from fetal to older ages (BrainVar and GTEx databases). DNA obtained from
418 samples derived from normal brain and non‐brain tissue were analyzed using MIPs, capturing genes associated with brain tumors,
pan‐cancer, and focal cortical dysplasia. Samples were deep‐sequenced, and called variants were validated using ion torrent ultra‐deep‐
sequencing. Brain samples from 846 BrainVar (n=166) and GTEx (n=1640) databases were analyzed to discover oncogenic variants and
to evaluate copy number variants, mutational signatures and aging correlations.
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(Fig. S1C,D).
We obtained a total of 51,036 raw calls (Table S1D) and conservatively filtered out variants to obtain highconfidence mutations (see methods), focusing only on variants with 0.5-15% allele frequency (VAF) due to
germline contamination at higher VAFs (Fig. S1E). Experimental sensitivity analyses using 165 spike-in somatic
mutations (108 heterozygous and 57 homozygous SNPs) showed that this computational approach and filtration was optimized for low false-positive rates and achieved specificities of > 99% with sensitivities comparable
to other studies 94 at different mosaic fractions (Fig. S1F). 35 variants (average depth of 1086x, median VAF of
1.86%) passed our filtering criteria, and of those, 28 were unique, while 7 were seen in different samples within
the same individual (Table S1E). One of these was discovered to be a germline event during validation. We used
ultra-deep Ion Torrent sequencing (MIPP-Seq) 40 to validate 19 candidate mosaic variants, including all the 13
variants predicted to affect protein structure and 6 random synonymous, intronic, and promoter variants. With
an average of 92,757x per site, we achieved a validation rate of 89% with a high correlation of the VAFs between
discovery and validation sequencing (r2 = 0.92, Pearson coefficient, Fig. 1.2, Table S1F).

1.2.3 Presence of brain tumor associated oncogenic variants in normal brain
Among the validated variants, 12 occurred in cancer driver genes. These variants were predicted damaging and
pathogenic by multiple algorithms (see methods) using similar criteria to a recent study 39 . Nine of these 12
variants were found in the brain, and 3 in non-brain tissue. The brain-specific variants were all exonic and had
a median VAF of 1.2%. (Fig. S1G). These variants distributed similarly between proto-oncogenes and tumor
suppressor genes 64,37 and had the highest score in our predicted pathogenicity scale (NSYND3, see methods) 39
(Fig. 1.2B). Importantly, the variants we detected did not occur in genes most frequently mutated in clonal
hematopoiesis that were included in our panel, indicating that these variants are not likely derived from blood
contaminants, as observed in a recent study 94 . All of our identified genes were among the most frequently mutated genes in lower-grade gliomas (LGG) and glioblastoma (GBM), but not medulloblastoma 64 (Fig. 2C-D).
Of the 9 brain-specific variants, 6 were previously reported pathogenic mutations in cancer (COSMIC, Clinvar,
HGMD, and ICGC) (Fig. 1.2B). Among these variants, IDH1, PTPN11, NF1, and PTEN gene variants are of
particular interest due to their high prevalence and established pathogenic effects in brain tumors.
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Figure 1.2: Non‐diseased brains harbor low allele frequency cancer reported mutations. (A) Correlation between MIPS and Ion torrent

VAFs of 12 unique variants detected in the normal brain. (B) List of validated brain‐specific somatic variants showing general informa‐
tion such as variant allele frequency, pathogenicity prediction, and presence in cancer databases. Additionally, we describe detected
germline variants with functional impact for each individual. N/R= Not reported, NSYND3=highest score in predicted pathogenicity,
UNCERTAIN= Uncertain pathogenicity of variants with clinical significance, CLINSIG. (C) Distribution frequency of 856 genes affected
by the detected oncogenic variants found in the brain. (D) Distribution frequency of the most affected driver genes found in LGG with
pathogenicity relevance (Intogen database), black arrows indicate overlap with our discovered genes. (E) Number of oncogenic mu‐
tations found in CXW (circles, two‐tailed Fisher exact test, p=0.025) as a function of age (years). (F) Comparison of the number of
pathogenic mutations found in CX (n=53), CXG (n=92) and CXW (n=94) and HC (n=69) (Fisher exact test, CXW vs. CXG p=0.028, HC
vs. CXG p=0.182, CXW vs. HC p=0.4).
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For each subject, we evaluated germline variants with predicted deleterious impact to assess possible interactions with somatic mutations or double-hit events (somatic + germline). We identified 240 germline variants (median VAF 50.3 ± 3.3%) predicted to be damaging, and of those, 51 were unique over 41 individuals (see methods,
Table S1G). We did not detect biallelic double-hit events in our cohort, though our method would be unable to
detect mosaic LOH or deletions 81 , and none of these variants had been previously related to disease, as expected
form a non-diseased cohort (Fig. 1.2B, Table S1G). We found no enrichment in predicted damaging germline
variants (Fisher exact test p=0.621) among individuals with somatic oncogenic mutations.

1.2.4 Oncogenic brain variants are not detectably more common in older individuals
We detected 7 previously reported oncogenic variants in over 6 different brains out of 110 total; therefore, 5.4%
of the evaluated brains carried a reported pathogenic variant in cancer-driver gene. We did not find evidence that
older (>30 years) individual brains were enriched with known oncogenic variants in cancer genes (Fig. 1.2E) at
the level of mosaicism detectable with this approach, which contrasts with many other tissues that show accumulation of variants with age 60,82,154,112,234,141 . On the contrary, we observed a depletion of oncogenic variants
in the CXW samples of individuals older than 30 y/o without cancer diagnosis (6/52 vs. 0/42, Fisher exact test,
p=0.025; and5/43 vs 0/42 maintaining only one sample of the oversampled individual, p=0.029). This observation was also true using 19 predicted pathogenic and non-pathogenic brain variants (13/114 vs 6/143, Fisher
exact test p=0.025) from our filtered call set (89% validation rate). We interpret these observations as suggestive
of lack of age-related increase in oncogenic variants in the normal brain. Importantly, this behavior was further
confirmed in two orthogonal datasets presented in the following sections.

1.2.5 Oncogenic brain variants are more prevalent in the white matter
Oncogenic brain variants exhibited increased occurrence in WM (6 mutations in 94 CXW samples tested), compared with no variants in adjacent gray matter samples (92 CXG samples) (Fisher exact test p=0.028) (Fig. 1.2F).
There were no significant differences in sequencing coverage across tissue types that might explain this difference
(Fig. S1D). CX samples, which we could not distinguish as WM or GM, also had 0 variants (53 samples). HC
samples came second after CXW, with 2 detected variants over 69 samples tested (ratio 0.03, Fisher exact test
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CXW vs HC p=0.4, CXG vs HC p=0.182). For CER, we observed 1 mutation (1/10, ratio 0.1), but given the
small sample size, we cannot derive conclusions on this region.

1.2.6 IDH1 R132H mutation is enriched in glial cells
The most prevalent somatic mutation in glioma is IDH1 R132H, present in more than 70% of World Health
Organization (WHO) grade II and III astrocytomas and oligodendrogliomas 227 . We observed three mutations in
IDH1 in two different individuals. The first individual (UMB1465, 17 y/o) had two IDH1 reported mutations,
R132H and R100Q, detected in the cortical white matter from distinct distant brain regions of the brain, corresponding to PFC and primary motor area, respectively (Fig. 1.3A). IDH1 R100Q has been infrequently reported
in gliomas, and its contribution to oncogenesis is still being determined 146,66 . The second individual (UMB5621,
37 y/o) bore the IDH1 R132H mutation in the HC at a VAF of 0.8%. Interestingly, the R132H mutation observed in the PFC of UMB1465 was called in two adjacent WM samples of the same brain section with different
VAFs (0.9 and 5.0%, Fig. 1.2B). For this individual, we sequenced >50 additional brain samples derived from the
entire left hemisphere and most organs (Fig. 1.1, Table S1), and we did not detect IDH1 R132H in any of these
with at least 0.1% VAF at >3500x coverage (Fig. 1.3B). The difference in VAFs between the two adjacent R132Hbearing samples (5% vs 0.9%) may reflect the distance from the center of the mutant clone (Fig. 1.3B). Mutations
with a 5% VAF are often shared between tissues or within an organ 130 , and therefore one would not expect such a
relatively high VAF variants to be restricted to one organ sub-region. Since heterozygous IDH1 mutations confer
a proliferative advantage in human astrocytes and remodel chromatin into a neural progenitor-like state 107,206 ,
the sharply different VAFs of this mutation are most consistent with a clonal event with enhanced proliferation,
present in a ≈ 5 mm3 sample within the white matter. The mutation’s high VAF and focal nature suggest that it
was acquired very late in development or postnatally, then further amplified by glial proliferation. Similar mechanisms can be proposed for the PTPN11, PTEN, and NF1 mutations we found 67,127,47 .
To investigate the lineage of origin of the IDH1 R132H mutation, we evaluated the presence of this mutation in the neuronal and non-neuronal nuclei (see methods). NEUN-positive nuclei were analyzed using single nucleus RNA sequencing (scRNA-seq) to confirm the identity of the sorted cells, demonstrating that this
population was all neuronal nuclei, broadly classified into excitatory and inhibitory neurons, without any fur-
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ther contamination (Fig. 1.3C). As expected, the NEUN-negative fraction lacked neurons, and represented a
mixture of glial cells, including OPCs, astrocytes, oligodendrocytes, and a small fraction of microglial cells (Fig.
1.3C). NEUN-positive and NEUN-negative populations showed gene expression profiles consistent with neurons and glia (oligodendrocyte, astrocyte, and OPCs), respectively (Fig. 1.3D). The remaining sample containing
the IDH1 R132H mutation (individual UMB1465) was subjected to nuclear sorting and genotyping using digital droplet PCR (ddPCR) targeting the R132H mutation. Our results demonstrate that the IDH1 R132H
mutation was enriched in the NEUN-negative population (Fig. 1.3E), consistent with our initial observation of
its presence only in WM, and suggesting a glial localization of this mutation. Interestingly, the R132H mutation
appears to be detectable also at very low levels in the NEUN-positive population as well, though we cannot rule
out low-level contamination in generating this signal or an early event in neural precursors. The shared presence
of R132H mutation in neurons and glia would suggest a congenital origin of this mutation since cortical neurons
are virtually all generated prenatally.

1.2.7 Clonal brain variants at high allele fraction do not increase with age
To confirm the existence of oncogenic variants, we evaluated two independent cohorts non-diseased human
brains, including 1,640 and 166 bulk RNA-seq samples obtained from the GTEx project (20-79yo) 3 and BrainVar database (fetal-19yo) 224 , respectively, also representing brain regions (Fig. S2A,B). RNA-MuTect 233 was
used to identify somatic variants (Fig. S2C) and suspected RNA editing bases were removed (A>G, T>C).
RNA-MuTect sensitivity was tested in normal samples with coextracted DNA and RNA data, and was able to
detect DNA mutations with allele fractions >7% in the RNA, in cases where the gene was sufficiently highly
expressed 233 , and they define these macroscopic clones. In the GTEx cohort, we found a total of 590 variants, including 325 missense, of which 62 variants (19%) overlap with the exact amino acid change reported in COSMIC
(CMCv92), and 27 others are disruptive (splice site or nonsense, 5 with COSMIC overlap, 19%). In BrainVar,
we found a total of 746 variants, including 493 missense (56 with COSMIC overlap, 11%) and 70 disruptive (5
with COSMIC overlap, 7%) (Table S2A-D). Within variants with COSMIC overlap, we identified reported variants in cancer driver genes (VAF 10%) associated with brain tumors, such as DDX3X and MAX, with DDX3X
being mutated in 8% of medulloblastomas 64 . We also detected predicted pathogenic variants (with a high score
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Figure 1.3: Oncogenic mutations are enriched in the white matter and glial cells. (A) Schematic illustrating the discovery of the IDH1

R132H mutation in the normal PFC of a 17y/o individual. The mutation was identified in two adjacent WM samples and not present
elsewhere, including GM from the same section or GM/WM from the following brain section. White matter is mainly composed of neu‐
ronal axons, astrocytes, oligodendrocytes, and OPCs, while GM is combination of neurons with glial cells. (B) Illustration of the two focal
and distant pathogenic mutations found within the same brain. (C) Schematic of nuclear sorting protocol to isolate neuronal (NEUN+)
and non‐neuronal cells (NEUN‐). Nuclei were evaluated using single‐cell RNAseq. TSNE plot of 3700 NEUN+ nuclei, showing an exclu‐
sive presence of excitatory and inhibitory neurons but not glia (upper panel). Evaluation of 1800 NEUN‐ nuclei showing the presence of
glial cells but not neurons (lower panel). (D) Fold change gene expression of NEUN‐ vs. NEUN+ nuclei subdivided by different brain cell‐
types. (E) Genotyping of the IDH1 R132H mutation by ddPCR. Graph shows the ratio of mutant/wild type droplets analyzed in different
sorted populations (each data point corresponds to 300 sorted nuclei), showing a nominal 878 enrichment in the NEUN‐ glial fraction.
Genomic DNA without the IDH1 R132H mutation was used as a control for the ddPCR reaction (CTRL).
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of pathogenicity NSYND3 and LOF) in other brain tumor driver genes highly represented in LGGs (FGFR1,
PDGFRA, MTOR), but these exact base substitutions were not previously reported. Interestingly, we observed
several variants in PDGFRA in both GTEx and BrainVar (VAF 10%) datasets suggesting that this gene, which is
of importance in all gliomas, is frequently mutated 64 .
We used the BrainVar (n=166, fetal-19y) and GTEx (n=1640, 20-79y) mutation calls to further investigate
our initial observation about the lack of age-related accumulation of detectable clonal variants in the brain with a
less biased approach, including all expressed genes rather than only those previously implicated in brain tumors.
By integrating both datasets and modeling the mutation counts per sample using mixed effect negative binomial
regression, while adjusting for standardized RNA integrity score, standardized ischemic time, and standardized
total mapped reads, we observed depletion of all (mean ratio=0.241, 0.149-0.391 95% CI, p=3.5e-09), predicted
pathogenic (mean ratio= 0.28, 0.155-0.506 95% CI, p=1.7e-05), and disruptive variants (mean ratio=0.366, 0.20.66 95% CI, p=0.001) with age (Fig. 1.4A-C, Fig. S2D-F, Fig. S3), a discovery consistent with our panel findings. The negative association with age was also significant by analyzing all mutations from each dataset independently (BrainVar p=0.00029, GTEx p=0.043), and also in GTEx for pathogenic and disruptive mutations
(Fig. S3A-E). For BrainVar, the regression model was not able to converge due to the low number of pathogenic
and disruptive mutations. As a control, we did not observe a similar significant depletion for the T>C variants,
removed as potential RNA editing events, in the combined dataset (mean ratio=0.765, p=0.282) and also in each
cohort independently (Fig. S3F,G). Furthermore, analysis of all variants from both cohorts after only filtering
known RNA editing sites in databases, also showed a significant decrease with age (mean ratio=0.411, p=5.1e06), demonstrating that T>C removal does not affect our observed aging trend (Fig. S3H). The effect with age
may vary for different brain sub-regions. Among 13 evaluated regions, cortex showed a nominal depletion of
disruptive and pathogenic variants with age (p=0.035 and p=0.032, respectively), while cerebellum also showed
significant depletion for pathogenic variants p=0.01 (and nominal for disruptive p=0.07) (Fig S4A). Since we
observed a general negative association when combining GTEx and BrainVar, and none of the evaluated brain
regions showed a significant increase with age, we conclude that there is no age-related increase of clonal somatic
mutations that reach the level of detection of this method in normal brain.
To learn more about how different brain region compare to each other in their mutational burden, we used
the negative binomial model to rank regions based on comparing region-specific mutation incidence rate to the
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overall mutation incidence rate (Fig. S4B). When assessing all variants, only caudate (basal ganglia) had nominally
fewer mutations than average (p=0.039), while cerebellum exhibited a very significant increase in the relative mutation count (p= 4.2e-08) (Fig. S4B). The same pattern was true when assessing pathogenic and non-pathogenic
variants, with the exception that in the cortex, pathogenic mutations also showed a nominal increase in the relative mutation burden compared to the overall brain mean (p=0.024) with hypothalamus showing a decrease in
overall mutation count (p=0.034) (Fig. S4B).
Interestingly, we found one outlier sample (6-year-old female) in the BrainVar dataset with a high mutation
load (139 mutations called) including 23 mutations overlapping reported COSMIC events, suggesting a potential pre-neoplastic clonal expansion. The only drivers detected were GPC5 and FAT3, though neither of these
have been directly associated with brain tumors. However, these types of mutations might increase proliferative
fitness leading to subsequent mutation accumulation as reflected in the high mutational load of this sample.

1.2.8 Somatic copy number alterations in non-diseased brain
Since somatic copy number alterations (sCNVs) are the most frequent and important driver events in the oncogenesis of multiple brain tumors, we next assessed the prevalence of sCNVs in 1,636 brain samples across 253 subjects from the GTEx (v7) consortium. We used a recently developed algorithm called superFreq 50 that leverages
allele frequency information across germline heterozygous sites and read depth to identify sCNVs from RNA-seq
data. While this algorithm was designed for cancer samples, it can provide lower-bound estimates of the sCNV
landscape in normal tissues. The initial raw call-set consisted of 1,242 variants across 213 samples (Table S2E).
Due to the noisy nature of RNA-seq data, we implemented a stringent filtering strategy (see methods). Briefly,
we removed variants that overlapped fewer than 100 genes, so that the precision for those events is expected to
be 80-90% 50 , and we filtered variants whose log-fold-change (LFC) and clonality were too noisy to be reliably
estimated via visual inspection. The final call-set was 37 sCNV across 20 subjects, consisting of 15 gains, 13 copynumber neutral loss of heterozygosity (CN-LOH), and 9 losses (Fig. 1.5A). The mosaic fraction of these events
ranged from 13.4% to 48.0%, with a median of 29.8%. From this sample size we estimated the percentage of normal adult individuals to have at least 1 sCNV in a brain sample to be 7.9% (95% CI: 4.90-11.94) (Fig. 1.5B). No
sCNV rate differences were detected between brain regions and no evidence of age-related change was observed
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Figure 1.4: Somatic mutations detectable by RNAseq do not accumulate with age in the normal brain. Evaluation of somatic mutations

using RNA‐MuTect in 1,640 GTEx and 166 BrainVar non‐diseased brain samples. Suspected RNA editing bases A>G, and T>C were re‐
moved to reduce false positives as well variants with VAF>40%. Dotplots showing the proportion of samples with at least one mutation
across age and forest plots of the aging incidence rate ratio for all mutations (A), predicted pathogenic and non‐pathogenic mutations
(B), and disruptive (nonsense, splice site) and non‐disruptive mutations (3’ UTR, 5’ UTR, 5’ flank, or nonstop) (C). Error bars are the
Clopper‐Pearson 95% confidence interval of the sample proportion. Forest plots also include standardized RNA integrity score, and
standardized total mappable read count, with horizontal lines indicating 95% confidence intervals. Incidence rate ratio was estimated
using mixed‐effects negative binomial model with donor ID as a random‐effect.
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(Fig. 1.5A). We also analyzed 147 subjects from BrainVar and obtained 262 initial calls, of which 7 remained after
filtering (2 losses, 1 gain and 4 CN-LOH), across 5 prenatal subjects (Fig. 1.5A, Table S2E), suggesting that 4.8%
(95% CI: 1.11-7.78) of young brain samples have at least 1 sCNV detectable with this approach.
Some of the sCNV overlap reported events in glioma and other brain tumors. Among the copy number losses
in both datasets (n=11), we observed four events in chromosome (Chr) 22q, four in Chr19, two in Chr. 16, and
one in Chr. 2q (Fig.1.5A). LOH22q has been reported in brain tumors including astrocytoma (9-30%), GBM
(24%) and meningioma (65%) 216 . In two out of the four 22q events, we detected loss of NF2 and SMARCB1
(Fig. 1.5C and Fig. S5), which are highly involved in meningioma 216 and atypical teratoid rhabdoid tumors 136 .
Events in Chr 19 were characterized by one 19q-arm loss and two 19p-arm losses. 19q LOH and loss events have
been frequently reported in olidendrogliomas (100%), astrocytomas (30-40%), and GBM (30%) 34 . We observed
CN-LOH events overlapping CDKN2A and SMARCA4, two important genes in brain tumors 216 , but the effect
of these are less clear. Among copy number gains (n=16), we detected five events in Chr. 6q, all of them gaining
half of the q-arm, which includes relevant genes such as MYB, involved in pediatric gliomas 201 . Chr. 1 had four
partial gains of the q-arm, and 1q gains were reported in high-grade gliomas 85 . We also detected partial and whole
gains in Chr. 12p, 13q, 15q, 17q and 18.

1.2.9 Clonal variants in normal brain share mutational mechanisms seen in brain tumors
To understand specific mutagenic processes underlying the accumulation of clonal point mutations in the brain
compared to other tissues, we performed mutational signature analyses using clonal sSNVs obtained from a recent study using the GTEx database 233 . Using this dataset allowed us to compare brain spectra with other organs using variants called with a consistent pipeline across tissues. We performed our analyses using various VAF
cut-offs of 5%-40% and obtained consistent results throughout this range (Fig. 1.6, Fig. S6A). We focused on
sSNVs with a VAF of less than 15% since they are most likely to reflect the sSNVs we targeted in our panel data.
We found that the estimated mutational signatures from normal brains were similar to those from brain tumors. Normal brain sSNVs statistically decomposed into several signatures (SBS 39, 5, 23, 1, 30, and 2), each
reported in COSMIC as present in brain tumors (Fig. 1.6) and consistent with previous findings 156 . Our anal-
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Figure 1.5: Copy number variants are found in the normal brain. (A) Visualization of detected somatic copy number variants (sCNVs)

in the GTEx and BrainVar databases. Color codes indicate different age ranges, brain regions and types of alteration (gain, loss or loss
of heterozygosity (LOH)). Upper bar plot summarizes the counts of the different alteration types and the bar plot on the left side also
summarizes the alteration types but sorted by chromosome. Labels along the left y‐axis refer to chromosome arms and the percent‐
ages displayed in the right y‐axis represent the frequency of events in each chromosome arm. (B) Distribution of sCNVs events across
different ages from prenatal to elder. The number of individuals under each age range is described under the age label. (C) Graphic rep‐
resentation of two representative sCNVs and the genes located in that region, one involving the whole chromosome 19 found at 19%
clonality, and the second involving the q‐arm of chromosome 22 found at 24% clonality.
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Figure 6
Brain (VAF<15%) - 291 mutations
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Figure 1.6: Mutations found in normal brain exhibit signatures present in brain tumors. Mutational signature analysis of normal brain

and skin (VAF<15%). Number of mutations evaluated is described next to the tissue label and graphs show bases substitution, signa‐
tures and spectrum obtained for each tissue. Colored circles next to each signature represent that the signature was observed in cancer
(green=brain cancer, purple=skin cancer).

ysis confirmed that the mutational signatures found in normal brains are indeed enriched for brain cancer signatures (Permutation test, p=0.00018). The brain tumor signature enrichment was not observed in any other
non-brain tissue tested using a Bonferroni corrected p-value of 0.01, except for pancreas (Permutation test, pancreas p=0.00236, skin p=0.07895, and heart p=0.4), (Fig. 1.6, Fig. S6B). To validate our analysis, we processed
skin sSNVs from the same study 233 and found that those signatures were enriched for skin cancer signatures
(p=0.00025) (Fig. 1.6), consistent with previous findings 143 . Normal pancreas sSNVs also showed a good correlation with those found in pancreatic cancer (Permutation test, p=0.0075) (Fig. S6B). The significant overlap
of pancreas sSNVs with brain cancer signatures suggest similar mutational processes in these tissues, perhaps
reflecting similarities in transcriptional and developmental programs 12 . Brain mutational signatures reflect a
combination of processes, including replication and transcription-induced mutations and their respective repair
mechanisms. Interestingly, the COSMIC signature SBS1 observed in normal brain and in all tumor-types is associated with cell division and proliferation 6 , reflecting developmental processes or postnatal glial proliferation.
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1.3

Discussion

In this study, we observed oncogenic variants in the brain of individuals without diagnosed cancer at a rate higher
than the brain tumor prevalence 163 , indicating that the mere presence of these events in the brain is not equivalent to clinical progression to cancer. This may have diagnostic implications since knowing the occurrence of
oncogenic variants in normal tissue may help establish baselines for more accurate diagnosis.
Evaluation of 1,816 normal brain samples from two orthogonal studies allowed us to independently confirm the existence of oncogenic variants in the normal human brain, in concordance with a previous study 57 .
Although we do not see the same pattern of affected genes in our panel data (DNA-seq) and the BrainVar and
GTEx-based analysis (RNA-seq), such as NF1 and IDH1 recurrences, this difference may relate to limitations of
RNA-based mutation calling, such as tissue-specific and expression-bias (WM enriched or GM enriched), coverage, and removal of RNA-editing bases 233 . We also describe that sSNVs mutational signatures associated with
brain tumors can be observed in normal brains, reflecting transcription and replication-induced mutations. Our
data suggest that many signatures previously reported in brain tumors include many passenger mutations present
in the normal brain and are not necessarily all tumor-specific or strictly associated with malignancy. Based on our
data, we believe that replication-induced mutations are likely a result of pre-natal development or post-natal glial
proliferation in concordance with previous etiological factors contributing to brain cancer 205 . The contribution
of signatures we see in normal tissue and brain tumors are different likely due to tissue sampling differences and
because during tumor development particular mutational mechanisms, such as SBS1, can diverge from those
observed in the low-proliferating normal brain.
We adapted SuperFreq 50 for cloud computing to evaluate sCNVs in 1,783 normal brain samples, which to
our knowledge comprises the largest normal brain cohort examined in this context. We report large chromosomal alterations in line with previous studies in single neurons 23,150,29 with some overlapping events reported in
brain tumors such as 22q and 19q deletions 216 . We only focused on large events to improve calling precision,
limiting our discovery of smaller events. Gains were more frequent than losses and losses mostly affected Chr 22
and 19, while gains most commonly involved Chr 6 and 1. sCNV events occurred at surprisingly high frequency
in our cohorts (7.9% GTEx, 4.8% BrainVar) with a median mosaic fraction of 29.8% (14.9% VAF). Despite the
high level of mosaicism of these sCNVs, they were often not shared between multiple brain regions, suggestive

32

of restricted events arising during development or postnatally due to local clonal expansion. Given the low number of sCNV events we found, we cannot draw conclusions about any regional or aging trends. Our estimated
rates of frequency in the cohort and mosaic fraction are reasonable compared to those found in a recent study
using bulk whole-genome sequencing of postmortem brains 192 . However, larger samples sizes and more sensitive
techniques will be needed to more definitively determine rates of sCNV
All the clonal oncogenic sSNVs found in the white matter were detected in younger individuals in our targeted panel (<30 years), and we failed to find evidence of an age-related accumulation of oncogenic events. Given
the relatively young age of the subjects, and postmortem nature of the data, we do not know whether those
same individuals may develop cancer in the future from those mutant clones. In our panel data we found a surprising lack of age-related oncogenic variant accumulation in the brain, which differs from findings in other
tissues 60,82,154,112,234,141 . It is worth noting that our targeted-sequencing approach evaluated only oncogenic
variants, which differs from those studies in blood, skin, and esophagus, among others, that evaluated all mutations in known cancer genes 143,82,154,112,234,141 . Our BrainVar and GTEx analysis allowed us to look for all
mutations in brain expressed genes, thus resembling more closely previous studies. In this case, we also found a
stable number, or even depletion, of all clonal, disruptive and predicted pathogenic variants with age considering
all brain samples from all ages. These results confirm our panel data finding and further contrast the mutational
dynamics between the brain and other tissues. Two recent reports using GTEx data also included brain samples
within a broader study. The first report indicates that some brain regions may have high correlation between
mutations and age, even more than sun-exposed skin or blood, while other regions seem to be negatively associated 57 . Nonetheless, all the evaluated brain regions do not achieve a high level of statistical support (showing
a FDR>0.1) and hence are not inconsistent with a lack of age-related increase. In the second study 156 , they report negative values of age-correlation with brain mutations, but these are also insignificant, supporting a lack of
age-related increase and a trend consistent with our findings.
The relative stability of oncogenic brain mutations with age, combined with the ability of RNAseq analysis to
detect only those clonal mutations with high mosaic fraction, suggests that some oncogenic mutations at a young
age may be congenital. The modest reduction of oncogenic mutations with age may then either reflect postnatal
elimination of mutant clones from an individual, perhaps by immune surveillance, or postnatal elimination of
individuals carrying mutant clones from the healthy cohort. Indeed, we evaluated pre-natal and post-natal brain
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samples and found that during brain development, the mutation count and the frequency of non-diseased individuals with mutations is highest prenatally and then declines with age. Since the brain is an organ with low
overall proliferation in postnatal stages, oncogenic clonal expansions over time can directly result in disease.
Both of our methods only have sensitivity to detect clones with relatively large mosaic fraction. While our targeted sequencing approach has a similar sensitivity to other methods 94 , detecting ultra-low clonal events remains
challenging. For example, the sensitivity for events with 0.5% VAF is 10%; hence our rates may be underestimated. Similarly, the RNAseq approach only detects macroscopic clones with VAF>7% 233 . Therefore, we cannot by any means rule out, and in fact it seems plausible, that “micro” somatic variants at lower mosaic fraction
may indeed show age-related accumulation at levels below our sensitivity to detect them.
All the pathogenic variants found in the cerebral cortex occurred in the WM. Two scenarios may explain this
observation: 1) These are derived from active glial proliferation or 2) sub-cortical WM is closer to the ventricles, and clones arising there can reach the WM more readily than the GM. Also, GM harbors large numbers of
neurons and these may further dilute such mutations, which might only be detectable by deeper sequencing.
A follow-up study of white matter of varying depths could test the second scenario. Future studies evaluating
cancer variants in non-diseased brains should evaluate large cohorts of WM samples and GM to a higher depth.
We detected the IDH1 R132H variant to be enriched in the non-neuronal population, which is 60% OPCs,
and this is the most highly proliferative endogenous cell-type of the brain 77 . Brain tumors are thought to originate mainly from progenitor cells in neurogenic niches 119 ; however, the effect of oncogenic mutations in progenitors, such as OPCs residing in non-neurogenic niches such as the cortical WM, remains elusive. OPCs can produce tumors and have been identified in several reports as the most common cell of origin for gliomas 13,239,198,127 .
Thus, the IDH1 R132H mutation detected in our glial fraction may constitute an early event in a pathogenic
progression towards infiltrating glioma. In our case, we did not find more than one mutation per sample, but our
limits of sensitivity would likely preclude the identification of emerging sub-clones.
While our study represents a comprehensive survey of those sSNVs and sCNVs identifiable at high allele frequency from fetal to the old ages, a universe of events at lower mosaic fraction remains to be explored. Until now
the differential mutational burden between WM and GM remained largely unexplored, and this proved to be
critical for discovering oncogenic variants in a normal brain. While our findings also provide important information of early processes in the acquisition of oncogenic events in the brain, future studies addressing the accumula-
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tion of somatic variants in single glial cells may provide another layer of information to continue dissecting early
mechanisms of brain oncogenesis.
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1.6

Materials and Methods

1.6.1 Study design
We analyzed a total of 418 samples derived from 110 individuals with no history of neuro-oncological or other
brain diseases, spanning different ages (0-108 years) (Table S1). We used MIPs 71 to evaluate mutations in 121
genes implicated in brain tumors, other cancers, and focal cortical dysplasia (Fig. 1.1, Table S1). For each of the
110 subjects, we analyzed at least two different brain regions and one non-brain sample (Table S1). Brain samples consisted of hippocampus (HC), cerebellum (CER) and prefrontal cortex that was subdivided into grey
(CXG) and white matter (CXW) (Fig. S1A). When no clear distinction between CXW and CXG was possible,
the sample was labeled as CX. Furthermore, we also evaluated 91 samples derived from 17 different organs and
the entire left hemisphere from one 17-year-old individual (UMB1465) (Fig. 1.1, Table S1). We also evaluated the
presence of somatic mutations in two large independent cohort of 1,640 and 167 brain samples obtained from
the Genotype–Tissue Expression (GTEx) project 3 and BrainVar 224 , respectively, using RNA-MuTect (22) (Table S2A-B). GTEx provided samples from 13 different brain regions, and BrainVar provided samples from the
DLPFC (mainly from Brodmann area 46) or from the frontal cerebral wall (for donors younger than 10 postconception weeks).

1.6.2 Variant Calling
Sample FASTQs were first subjected to a local realignment step using CLCbio (QIAGEN). Variant calling was
performed using CLCbio- Low Frequency Variant Detection mode that relies on statistical models for evaluating the sequencing error rate based on parameters defined by each batched analysis (http://resources.
qiagenbioinformatics.com/manuals/clccancerresearchworkbench/200/index.php?manual=Low_Frequency_
Variant_Detection.html).

An error model is assumed and estimated for each nucleotide quality score. Error

model parameters are all estimated from the data set being analyzed, so will adapt to the sequencing technology
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used and the characteristics of the particular sequencing run. Samples with average coverage below 396x (1 standard deviation from the mean) were not considered for the analysis. Resulting called variants were filtered out if
they had a maximum allele frequency on the population greater than 0.1% (Gnomad) 89 , occurred in more than
3 individuals from our cohort, the call quality score was less than 200, found in homopolymeric regions greater
than 1 in length, were covered by less than two different MIPS, had less than 12 alternate reads covering the variant, a reference read depth less than 200, variant was present in SNP clusters, were not in a targeted region and
was not predicted to have functional impact on the protein function (see below, pathogenic classification). Only
variants with VAF between 0.5-15% were analyzed.
For germline calling we evaluated variants between 40% and 60% AF, present in less than 4 individuals to avoid
common variants, a site coverage of at least 200x, call quality score 200, covered with more than one MIP and not
present in SNP clusters or found in homopolymeric regions greater than one in length. In addition, since in most
cases we have multiple tissues from the same individual, the germline variants were required to be present in at
least 2 samples to be considered for our analysis. Only variants with potential impact on protein function were
included (see below, pathogenic classification) (Table S1).

1.6.3 Pathogenic classification
Pathogenic classification of damaging missense variants was performed following a method reported in a previous study 39 , categorizing the predicted pathogenicity relied on 6 different prediction algorithms (SIFT51,
PolyPhen2_HDIV52, PolyPhen_HVAR, MutationTaster53, MutationAssessor54, and LRT55) 2,187,176 , damaging status and conservation sites. For example, NSYND3 the highest pathogenic score, was given if a variant
was predicted to be pathogenic by at least 5/6 of the prediction tools above, considered damaging by CADD,
DANN, or FATHMM and affected a conserved site 34,172,175 .

1.6.4 GTEx and BrainVar mutation calling and signatures
We implemented RNA-MuTect 233 in Terra’s Google Cloud Platform to call somatic mutations in 1,640 bulk
RNA-seq brain samples retrieved from the Genotype–Tissue Expression (GTEx) project (release v7) and 167
bulk RNA-seq brain samples retrieved from BrainVar(21). RNA-MuTect was run using both the provided DNA
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panel-of-normals (PoN) based on 7000 TCGA normal samples and the provided RNA PoN based on a panel
of 6500 GTEx samples. The threshold for the minimum number of reads supporting the alternative allele was
set to 4 as recommended by the pipeline authors 233 .All A>G and T>C variants were removed from the callset to
reduce false positives from RNA editing artifacts using the maftools package (release 3.11) in R 148 from all analysis unless otherwise specified. Variants greater than 40% VAF were removed from all analysis unless otherwise
specified. Additionally, variants were annotated as oncogenic if the protein change was present in the Cancer
Mutation Census (v92) 200 . BrainVar sample “HSB498” was removed from all analysis as an outlier due to abnormally high mutation count and presence of several oncogenic mutations. Additionally, BrainVar variants present
in more than one sample (based on exact cDNA change) were removed from all analysis.
For age trend analyses, statistical regression was performed by fitting a mixed-effects negative binomial model
on all sample mutation counts using the lme4 package (version 1.1-23) in R. For regression on the GTEx samples, the fixed effects included age (years) while adjusting for standardized RNA integrity score, standardized
ischemic time, and standardized total mapped reads. GTEx donor ID and brain sub-region were set as a random effect to adjust for donor-specific and region-specific variation. To compare the aging trend for each brain
region, the brain region was removed as a random effect and instead the model was fit for each brain region separately. To compare the average mutation count for each brain region, the brain region was changed to a fixed
effect where each brain region variable compares its region-specific incidence rate with the overall incidence rate.
For regression on the BrainVar samples, the fixed effects included stage (prenatal or postnatal) and sex (male or
female) while adjusting for standardized RNA integrity score and standardized total mapped reads. To perform
regression on the GTEx and BrainVar samples together, only the GTEx samples from the Frontal Cortex (BA9)
were included.
For mutational signature analysis, we used variants from different organs obtained from a recent published
study 233 . We performed analyses using VAF filtering thresholds of 5-40%, which were relatively consistent. Mutations were filtered to retain only variants with less than 15%VAF (to match the variants we targeted with DNA
sequencing) and suspected RNA editing bases were removed (A>G, T>C). List of mutations were analyzed using
Mutalisk software 116 . Enrichment analysis was performed with a permutation test, where we identified the number of mutational signatures present in a particular cancer type according to the COSMIC signature database (artifact signatures were not included), and then obtained random uniform samples from the total of 50 signatures
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with replacement and counted the number of signatures that were related to the given cancer type. The number of signatures sampled at each simulation was determined by the number of signatures that were estimated to
contribute to a particular mutational spectrum by Mutalisk.

1.6.5 Somatic copy alteratioin calling of normal brains
We identified putative sCNVs from non-diseased human brain samples of the GTEx consortium v7 3 using superFreq 50 and BrainVar 224 . The algorithm of superFreq employs an error-propagation framework to leverage
information from B-allele frequencies and read depth to identify sCNVs from RNA-seq data. Due to the large
sample size (n 1,700) samples, which were stored in the cloud, we adapted the superFreq workflow to be run in
the cloud. The code to deploy the superFreq workflow as well as usage instruction were made publicly available
through a github repository (https://github.com/emauryg/superFreq_cloud). Based on discussions with the
developers of superFreq, we used 10 random samples as quality control reference samples for each cohort. These
samples are used to remove variation in the data that originate from technical variability. The GTEX and BrainVar cohorts were run separately.
The raw call-set was then filtered to obtain a final call-set that minimized potential false-positives. We focused
our analyses to the autosomes, and filtered sCNVs that overlapped less than 100 genes. Based on validation studies of the original superFreq manuscript, events that overlapped at least 100 genes had a high precision of 8090%, and a recall of 60%. We further filtered variants with predicted breakpoints in the MHC (6: 2748671133448264, GRCh37) and KIR (9: 54574747-55504099) regions. We also filtered out events that had a clonality
of >0.80, since these events would be more likely to be germline events in the non-cancer setting. Lastly, we filtered out variants that did not pass visual inspection based on diagnostic plots.

1.6.6 Statistics
Statistical analyses were performed as described in the main text with un-corrected p-values, and the p-value necessary for significance after multiple hypothesis testing was provided for comparison where relevant. The calculations were done with custom scripts in the R computing language (http://www.r-project.org).
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1.6.7 Data and materials availability
Tables of the data are included in supplementary data. Cloud pipeline for RNA MuTect is available at https:
//github.com/CodingBash/rna_mutect_cloud.
com/emauryg/superFreq_cloud.

Cloud pipeline for superFreq is available at https://github.

Other materials, including analysis scripts are available through the authors

upon reasonable request. Further methodological descriptions can be found in the supplementary information.
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”I would not dare to say that there is a direct relation
between mathematics and madness, but there is no doubt
that great mathematicians suffer from maniacal characteristics, delirium, and symptoms of schizophrenia.”
John Forbes Nash

2

Schizophrenia-associated somatic copy number
variants from 12,834 cases reveal contribution to
risk and recurrent, isoform-specific NRXN1
disruptions

This section is based on the following paper I contributed to during my PhD:
Eduardo A. Maury, Maxwell A. Sherman, Giulio Genovese, Thomas G. Gilgenast, Prashanth Rajarajan, Erin
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Flaherty, Schahram Akbarian, Andrew Chess, Steven A. McCarroll, Po-Ru Loh, Jennifer E. Phillips-Cremins,
Kristen J. Brennand, James T. R. Walters, Michael O’ Donovan, Patrick Sullivan, Psychiatric Genomic Consortium Schizophrenia and CNV workgroup, Brain Somatic Mosaicism Network, Jonathan Sebat, Eunjung A. Lee,
Christopher A. Walsh. medRxiv 2021.12.24.21268385; doi: https://doi.org/10.1101/2021.12.24.21268385
Supplementary Material: All supplementary material can be found in the supplement of Maury et al. medRxiv
2021.

2.1

Introduction

De novo and rare germline CNV (gCNVs) contribute to up to 5.1-5.5% of SCZ cases with relatively large effect
sizes 102 . These gCNVs are usually inherited or, in the case of de novo, are thought to arise during gametogenesis.
Most of gCNV involve several genes making it difficult to pinpoint specific causative genes. A notable exception
is deletion of the NRXN1 gene, which encodes a presynaptic adhesion protein, and has been suggested to have a
role in SCZ along with other synaptic genes 103 .
Somatic CNV (sCNV), present in only a fraction of cells in the body, often represent mutations that are challenging to study in the germline state due to embryonic lethality or severe phenotypic impacts, and are increasingly implicated in neuropsychiatric disease 147 . A recent study 192 showed enrichment of large (>4 Mb) sCNVs
in Autism Spectrum Disorder (ASD), with sCNV size positively correlated with phenotypic severity. The overlap in the genetic architecture of ASD and SCZ 111 suggests that sCNV may have a similar role in SCZ liability.
sCNV are less common than germline gCNVs, so that large datasets need to be analyzed to capture their contribution to disease. Whereas the largest genotyping datasets come from blood-derived SNP array data created for
GWAS studies, assessing sCNVs in blood has been difficult because aging and environmental exposures such as
smoking in SCZ patients create clonal hematopoiesis (CHIP) events as confounders. A previous study of blood
derived SNP-array data from 3,518 SCZ cases and 4,238 controls showed a nominal increase of sCNVs in SCZ,
but did not specifically detect mosaic events, or filter CHIP events, and defined sCNVs as larger than 10 Mb,
limiting their characterization 181 .
In this study we analyzed SNP-array data from 12,834 cases and 11,648 control from the Psychiatric Genomic
Consortium (PGC) SCZ cohort using a recently developed, highly sensitive algorithm that leverages haplotype
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information to detect sCNVs 132,133,192 , and rigorously filtered candidate variants that likely originated from
CHIP, which have now been extensively characterized in multiple studies in terms of size, mosaic fraction and
chromosomal location 132,133,202 . We observed a robust excess of sCNVs in SCZ compared to controls, and discovered recurrent sCNVs with likely causative roles, including recurrent NRXN1 somatic deletions of exons1-5.
Taken together these data suggest a potentially important role of sCNVs in the genetic architecture of SCZ.

2.2

Results

2.2.1 Somatic CNVs are more prevalent in schizophrenia cases than controls
Somatic CNVs were identified using the MoChA 132 pipeline on 26,186 blood-derived SNP arrays from the
PGC2 SCZ cohort 140 . This pipeline exploits long-range haplotype-phasing information to detect sCNVs with
high sensitivity 132,133 . We used gCNVs previously identified in the subjects of this cohort 140 to filter out potentially misclassified variants. Samples that showed signs of contamination or sCNVs whose copy number state was
not confidently determined were excluded (Methods).
We employed a conservative filtering strategy to remove 1,032 events that could have risen from CHIP, as
these events might bias burden estimates 132,133 . Namely, we removed all copy-neutral loss of heterozygosity
(CN-LOH), loci commonly altered in the immune system (e.g. Major Histocompatibility Locus (MHC)),
and other known common CHIP loci 133,202 , and filtered outlier samples with multiple events (>5 sCNVs) (Fig.
2.1A) (Methods). sCNVs that occur early in development are clonally shared across multiple tissues and are thus
expected to be present at larger cell fractions (CF) than those occurring through clonal hematopoiesis alone. Reassuringly, variants filtered as potential CHIP exhibited significantly lower CF compared to those in our final
call set (Wilcoxon Rank Sum Test p = 6.4e-11) (Fig. 2.1B). This difference suggests that filtering reliably removes
most CHIP events, though some bona fide sCNV may be filtered out as well, especially those coming from CNLOH events.
Somatic CNVs occurred in a modest but significant fraction of SCZ cases. From the initial 13,464 SCZ cases
and 12,722 controls, a total of 12,834 cases and 11,648 controls remained after QC. The final sCNV call set consisted of 197 events in 177 individuals, made up of 127 losses, and 70 gains (Table S2, Fig. 2.1C). These events
ranged in CF from 1.10% to 63.8% (median = 21.1%), and ranged in size from 10.7 Kb to 95.3 Mb (median 686.0
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Kb). The percentage of individuals with at least one sCNV was 0.91% in SCZ and 0.51% in controls (OR = 1.78;
95% Confidence Interval (CI) = 1.29-2.47; Two-sided Fisher Exact Test p= 2.68e-4) (Fig. 2.1C). Using the approach from Iossifov et al. 79 , we obtain an ascertainment differential of 0.0091-0.0051 = 0.004. Therefore, we
estimate that ∼44% (0.004/0.0091) of sCNV in SCZ contribute to the SCZ diagnosis. The sCNV incidence in
controls was comparable with unaffected siblings in an earlier ASD study (0.51% vs 0.54%) 192 , while our estimates in SCZ were higher compared to ASD (0.91% vs 0.58%) 192 . To rule out potential residual CHIP events
contributing to the difference in prevalence of sCNVs, we performed the burden test using different minimum
cell fraction cut-offs. There remained a statistically significant enrichment in SCZ through several ranges, even
when events were split into losses and gains (Fig. 2.1D). We further accounted for potential batch heterogeneity
(Fig. S1A) using meta-analysis across each study batch containing both cases and controls, obtaining a Liptk’s
combined p-value of 0.032 using a one-sided Fisher Exact Test.
In contrast with previous findings in ASD 192 , sCNVs in SCZ cases were of similar size compared to control
(p = 0.26) (Fig. 2.1E). These events were also present at similar cell fractions in cases compared to controls (p =
0.986) (Fig. 2.1F). There was also no detectable difference in gene density between cases and controls (p=0.08).
These trends were observed across the different batches as well (Fig. S1 B, C, D). In contrast to gCNV 102,140 ,
sCNV did not show overall gene-set enrichment for the top 20% expressed brain genes (p=0.14), synaptic genes
(p=0.12), or haploinsufficient genes as measured by a pLI score >0.90 122 (p=0.54).

2.2.2 Recurrent, intragenic deletions in NRXN1 in SCZ
Some sCNV overlapped cytobands previously implicated in SCZ, but showed distinctive features. While one
SCZ case had a 4.1Mb somatic deletion in cytoband 16p11.2, it was not only significantly larger than the canonical germline 16p11.2 deletions (<600 Kb) observed in SCZ and ASD 140,223 , but also the mosaic deletion did not
overlap the canonical proximal or distal events (Fig. S2A). We also observed one SCZ case with a somatic deletion in the 22q11.21 locus that was significantly smaller (686 Kb) than the recurrent germline 22q11.21 deletions
observed in SCZ (2.35 Mb) (Fig.S2B). The mosaic 22q11 deletion we observed, however overlapped the genes
TBX1, and COMT which have been suggested as key genes driving some of the phenotypic effects and SCZ risk
of germline 22q11 deletion 10,65 .
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Six individuals showed somatic deletions in cytoband 2p16.3 affecting only the NRXN1 gene, showing remarkably stereotyped and distinctive features. The size of these events ranged from 105 Kb to 534 Kb, with CF
ranging from 13.8 to 43.1%, suggesting that they occurred early in development. One deletion was limited to
intron 5 (Fig. 2.2A), and is of uncertain disease significance since this intron also shows multiple deletions in
controls in the germline 140 . In contrast, the remaining five 2p16.3 deletions had remarkably similar genic effects,
removing exons 1-5 of NRXN1α, while leaving exon 6 and the rest of the gene intact. This stereotyped 5 exon
deletion contrasts with germline deletions in NRXN1, previously implicated in SCZ 49,140 , which show highly
variable breakpoints and relationships to NRXN1 exons 35,134,140 . Therefore, the recurrent, mosaic deletion of
the same exons 1-5 in all five exonic deletions would seem to demand a specific mechanistic explanation. To further assess the prevalence of somatic NRXN1 deletions, we re-ran MoChA with a more lenient threshold and
checked whether NRXN1 CNVs identified in the original PGC study 140 as germline might in fact be somatic.
This strategy revealed a NRXN1 deletion previously identified as germline, with an estimated CF of 41% consistent with being somatic. This variant appeared to overlap exons 4-5 for NRXN1 (Fig. 2.2A), though its exact
boundaries are uncertain.
Comparing the burden of NRXN1 somatic deletions in our SCZ cases vs controls revealed a significant enrichment in cases (Two-sided Fisher Exact Test p = 0.032 (exonic only), p = 0.016 (exonic + intronic); Fig.2B).
Using previously generated sCNV calls from the UK Biobank 132,133 , we identified two persons without history of psychiatric disorder out of ∼500,000 individuals with similar sCNV breakpoints affecting exons 1-5 in
NRXN1. Although the arrays used in the UK Biobank have different sensitivity compared to the arrays used in
this study, they should have comparable sensitivity to detect these large events at CF >10% 132 . Consequently,
while we cannot fully rule out batch effect bias, combining our results with the UKBB suggest an enrichment of
exons1-5 NRXN1 deletions in the somatic state in SCZ (OR=117.08; 95% CI = 20.91-1165.84; Fisher Exact Test
p=6.57e-9; Fig. 2.2B). To further assess whether we could have observed 5 overlaps on exons1-5 by chance, we
randomly shuffled the 7 NRXN1 sCNV regions we discovered across the NRXN1 locus and computed the number of overlaps, showing that observing 5 overlaps of exactly exons1-5 was an extremely unlikely event (p<0.0001,
Fig. 2.2C). Remarkably, a similar study with a similar pipeline and dataset as this study 192 on ASD and control
samples did not detect somatic deletions in NRXN1 overlapping exons1-5, suggesting specificity of this event to
SCZ.

46

We were able to obtain 40X whole genome sequencing (WGS) from 3 cases with NRXN1α deletions processed at the Broad Institute, confirming that each event removed exons1-5 of the gene with estimated CFs of
42.4%, 33.3%, and 32.4%, as expected (Fig. 2.2D), and defining their breakpoints at basepair resolution. WGS
analysis showed that none of the NRXN1 sCNVs breakpoints were recurrent, nor overlapped known interspersed repeats or low complexity DNA sequences.
Further breakpoint analysis of these NRXN1 sCNVs using previously established classification criteria 96,229 (Fig.
2.2E) suggested diverse mechanisms of formation. One event had only 1 bp of microhomology (MH) suggesting
that this event arose via non-homologous end joining repair (NHEJ). Another event had a 3 bp MH implicating
an alternative end-joining repair mechanism (alt-EJ). The last event had no MH but revealed a 8bp insertion at
the breakpoint. This insertion is small enough to have occurred due to non-template directed repair associated
with NHEJ, although it is also possible that a fork-stalling template switching mechanism might have occurred
as well, but this mechanism tends to produce insertions > 10bp and usually occurs where some microhomology
exists at the ends 229 . Taken together these results suggest that the somatic deletions of NRXN1 that we observed
do not show recurrent breakpoints due to instability of the genomic region around exons 1-5.

2.2.3 NRXN1 deletions suggest a potential cryptic promoter in human induced neurons
The absence of a genomic mechanism for the recurrent somatic deletions in NRXN1α suggests the alternative
hypothesis that the recurrence reflects some unknown but specific effect of these deletions on NRXN1 gene
function. These sCNVs overlap the NRXN1α promoter along with the first in-frame ATG transcription start
site, which would be expected to disrupt transcription of the full alpha isoform from that allele (Fig. 2.2A), while
leaving downstream beta and gamma isoforms intact, since they initiate transcription further downstream. Intriguingly, the somatic deletions leave intact H3K4Me1 histone marks that lie just 5’ from exon 6, which contains an in-frame ATG (Fig. 2.2A). These features might be indicative of the presence of a cryptic promoter or
enhancer adjacent to the in-frame ATG in exon 6, potentially producing a N-terminal truncated NRXN1α for
deletions overlapping exons 1-5. This truncated protein would lack the signal peptide required for shuttling to
the cell surface, potentially causing abnormal trafficking. Similar germline NRXN1 deletions have been shown
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to cause accumulation of the NRXN1 intracellular binding protein CASK in human induced pluripotent cells
(iPSC) from SCZ patients 165 .
To further explore the potential functional role of somatic deletions in the 5’ end of NRXN1, we generated
Hi-C data from neurons differentiated from human iPSC containing heterozygous germline deletions in the
5’-end (exons 1-2) and compared them to an iPSC line that had no germline deletion in NRXN1 (Methods).
Unphased Hi-C heatmaps in iPSC-neuron showed that somatic deletions affecting exons 1-5 all fully overlap the
topologically associating domain (TAD) co-localized with the alpha promoter (Fig. 2.2F). Recently, disruption
of TAD boundaries by germline structural variants have been associated with developmental disorders, as well as
SCZ 20,69 . These observations together suggest that 5’ NRXN1 deletions might disrupt the structural integrity
of the TAD boundary in SCZ and could result in ectopic enhancer-promoter miswiring and dysregulated gene
expression.
To investigate possible 3D genome miswiring due to NRXN1 deletions, we generated allele-specific, phased
Hi-C maps in both control as well as deletion-carrying SCZ iPSC-neurons (Methods). Surprisingly, we observed
the de novo formation of an ectopic looping interaction (Fig. 2.2G, green circle) between exon6 of NRXN1 (Fig
2G, blue star) and a putative non-coding cis regulatory element upstream of the NRXN1 alpha promoter (Fig
2G, purple star). This ectopic loop appeared to be specific to the deletion-harboring allele of the sample bearing
a heterozygous deletion spanning the alpha promoter at the 5’ end of NRXN1 (973FB) and was not observed
on either allele in samples that lacked the deletion (2607FB). Because the interaction spans the deleted region,
we hypothesize that the deleted region contains an element with some degree of boundary function which prevents this loop from forming under normal circumstances. Consistent with our hypothesis, the frequency of
non-specific interactions increased across the boundary only on the NRXN1 deleted allele, which is indicative of
allele-specific severe compromise of TAD structural integrity in SCZ (Fig. 2.2G). Together, our working model is
that the de novo looping interaction in 5’ NRXN1 deletions in SCZ connecting exon6 to a putatively regulatory
element could promote spurious pathological transcripts initiating at exon 6.
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2.2.4 Recurrent sCNVs in the ABCB11 gene in treatment-resistant SCZ cases
We identified 6 SCZ cases with focal sCNVs in the ABCB11 gene (five deletions and one gain; Fig. 2.3A), which
has been previously associated with anti-psychotic response 63,212 . These events were all smaller than the average sCNVs we observed, with sizes ranging from 10.5 Kb to 35.4Kb, and with CFs ranging from 18.3% to
26.8%, suggesting that these events occurred early in development. ABCB11 encodes a member of the superfamily of ATP-binding cassette (ABC) transporters, which has a key role of transporting bile acids across the
cell-membrane using a “hinge” mechanism 219 in hepatocytes, the cells involved in a wide range anti-psychotic
metabolism. Bile acids allow for the gastrointestinal absorption of lipophilic compounds, of which anti-psychotics
are an example 84,167 . Thus, dysfunction of ABCB11 could diminish response to anti-psychotics by impeding
their absorption. All the sCNVs in the ABCB11 gene overlapped the ABC transporter 1 domain and the domain
responsible for interaction with the HAX1 protein (Fig. 2.3B). HAX1 aids in the internalization of the ABCB11
transporter through clathrin mediated endocytosis 9,162 . Consequently, it is expected that deletions might not
only alter the protein’s function by altering the transporter domains, but also prevent the removal of ABCB11
from the cell surface, potentially leading to a dominant negative loss of function. Since the sCNVs in ABCB11 do
not overlap the gene’s promoter, and there are in-frame ATG sites in downstream exons 19 and 20, a truncated
protein could be produced. The consequences of the somatic duplication event are less clear. We also note that 4
out of the 5 deletions and the duplication event overlap one of the transmembrane domains, further supporting
the idea that these sCNVs might have a detrimental effect on ABCB11 function. There was a significant enrichment of ABCB11 sCNVs in cases compared to controls (Two-sided Fisher Exact Test, p = 0.03 Fig. 2.3C).
Further inspection revealed that all 6 cases with ABCB11 sCNV came from batches of CLOZUK 31 , a treatmentresistant schizophrenia (TRS) cohort. The samples from these patients were obtained from individuals that had
received a diagnosis of TRS and were taking clozapine and thus were subject to standard blood monitoring for
this drug 70 . Even though the CLOZUK samples constituted a significant portion of our study, observing 6 cases
from only this cohort represents a statistically significant enrichment (Two-sided Fisher Exact test: p = 0.00079,
and p = 0.015 for and SCZ only, respectively; Fig. 2.3D). ABCB11 sCNVs were not found in any previous analyses of healthy individuals from the UK Biobank and Biobank Japan 133,202 . The high cell fraction of these events
suggests an early-developmental origin of these mutations which might have predisposed these SCZ patients to
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develop treatment resistance to anti-psychotics. Thus, while these variants might not have been directly implicated in SCZ liability, they might have influenced the patients’ clinical management. Out of the samples that had
ABCB11 sCNV, only 2 (1 gain and 1 loss) were available for WGS. Unfortunately, the predicted breakpoints fall
in repetitive regions of the genome (SINE elements) (Fig. S3), making it difficult to identify exact breakpoints,
though the presence of these repetitive sequences suggest a potential mechanism of somatic deletion through
microhomology.
Combining the ABCB11 somatic deletions we observed in our SCZ cases with germline deletions identified
as part of the phase 2 PGC germline CNV dataset revealed robust overlap between the mosaic deletions we detected and those present in separate SCZ cases in the germline state. There were 5 SCZ cases with gCNVs at the
ABCB11 locus, with three of them coming from the CLOZUK cohort (Fig. S4). We were not able to obtain clinical data whether the remaining two cases had TRS. Interestingly, there were 6 control subjects with germline
deletions in ABCB11, but these events tended to cluster downstream from the SCZ gCNV and sCNV variants
(Fig. S4). SCZ risk association analyses combining germline and somatic deletions of ABCB11 revealed statistically significant association at the HAX1 interaction site and ABC transporter 1 site (peak association p = 1.4e4). While not genome-wide significant (p = 8.3e-8), it suggests a potential role of ABCB11 in treatment response
in SCZ.
While ABCB11 is mostly characterized for its role in hepatocytes, we observed a highly specific pattern of expression of ABCB11 in dopaminergic neurons (Figure 2.3E). We detected robust ABCB11 in midbrain dopaminergic neurons in human substantia nigra pars compacta (SNpc) from a recently published single-cell RNAseq database 88 . More specifically, this expression is limited to two neuronal subsets (CALB1-positive, GEMpositive, and CALB1-positive, CRYM-positive, CCDC68-positive)(Figure 2.3). Interestingly, calbindin positive
dopaminergic neurons reside in the dorsal tier of the pars compacta, which project to the ventral striatum, amygdala, and cortical areas 68,88 , which have been implicated in SCZ pathology 169 . Furthermore, most anti-psychotic
medications used to treat SCZ target dopaminergic signaling in the brain, but how dopamingergic pathways become abnormal in SCZ remains unclear. Somatic deletions of ABCB11 are then poised to alter the function of
this key neuronal circuitry in a highly cell-type specific manner, further implicating ABCB11 in SCZ pathology.
While the exact role of ABCB11 on dopaminergic neuron physiology is as yet unknown, our results suggest this
as an area for further inquiry with potentially disease relevance.
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overlapped recurrent germline rare CNV regions in SCZ, across three different minimum recurrence thresholds.

2.2.5 Potential of sCNVs to implicate novel genomic regions in SCZ
Comparison of the genomic features of gCNVs and sCNVs suggest that sCNVs contribute to risk by distinct
molecular mechanisms. We obtained previously identified rare (minor population allele frequency <0.5%) gCNV
calls of SCZ cases from the arrays used in our current study (Marshall et al., 2017). Compared to these rare gCNVs, sCNVs were larger (Fold-Change = 4.57, 95% CI = 3.76-5.48, mixed-effect log-normal regression p < 2e-16)
and involved more genes (Fold-Change = 1.84, 95% CI = 1.51-2.23; mixed-effect log-normal regression p=4.45e9) (Fig. 2.4A-B). We observed that genomic regions affected by rare gCNVs present in at least 5 SCZ cases overlapped 43.6% of all the gCNVs, whereas these regions overlapped only 4.48% of SCZ sCNVs (Fig. 2.4C). This
difference in genomic regions persisted throughout for rare gCNVs present at different minimum recurrence
cut-offs (Fig. 2.4C). These findings suggest that, with sufficient statistical power, mosaic events might offer new
insights into different risk regions of the genome as well as mechanism of disease.
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2.3

Discussion

We show that somatic CNVs contribute a modest but significant part of the genetic architecture of SCZ, mirroring previous findings on rare germline and de novo CNVs 102,140 . The sCNV excess burden of 0.4% in SCZ likely
represents a lower bound, since we are limited to detecting events with large enough cell fractions to be present as
mosaics in different tissues such a blood, and are not able to assess those events that might be private to the brain.
In this study we also report the discovery of 5 SCZ cases with mosaic deletions of exons 1-5 that also cover
the promoter of NRXN1α. Deletions of these exons were present in only 2 out ∼500,000 individuals in the UK
Biobank, which has an ascertainment bias for healthy individuals, and were absent from our control cohort. This
high prevalence in our SCZ cohort for relatively large ∼100Kb-500Kb events suggests that mosaic deletions of
exons 1-5 might contribute to SCZ risk.
A study characterizing germline NRXN1 deletions from 19,263 clinical arrays in individuals with neurodevelopmental disease found that most of these events were present in the 5’ end of NRXN1 and covered exons 15 134 . Our group published a case series that suggested that deletions in NRXN1 predispose individuals to severe
developmental disorders through inherited CNVs 28 . In that study, two subjects with severe developmental delay
had inherited deletions of exons 1-5. In contrast, germline deletions of NRXN1 in SCZ are widely distributed
throughout the gene 140 , rather than being concentrated in the first few exons as in neurodevelopmental disorders 36,134 . This contrast might indicate that germline deletions of exons 1-5 might result in more severe developmental phenotypes, but if present in only a fraction of cells, it would result in a milder phenotype resembling
SCZ.
These developmental and neuronal abnormalities can be partially explained by the effect that 5’ deletions involving exons 1-5 and the NRXN1α promoter might have on NRXN1 function. A recent study characterized the
neuronal impact of aberrant NRXN1α splicing using hiPSC derived neurons 49 . The 5’ deletions were associated
with decrease in the NRXN1α isoform and an increase of NRXN1β. Heterozygous hiPSC neurons had a reduction in mature neurons and decreased spikes compared to controls, as well as decreased neurite number and total
length. Taken together, these data suggest that deletions of exons 1-5 of NRXN1 can lead to severe developmental abnormalities in the germline state by disrupting neuronal maturation and function.
While the most parsimonious model of pathogenicity of somatic deletions in NRXN1 exons1-5 is simple loss-
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of-function through deletion of the alpha promoter, the vast diversity of NRXN1 isoforms warrants further
exploration of alternative mechanisms. Our analysis of Hi-C data using the same hiPSC neurons from Flaherty
et al., suggests a potential formation of a cryptic promoter once the NRXN1 alpha-promoter is deleted, potentially forming an N-terminal truncated form of NRXN1, leading to a novel dominant negative mechanism by
trapping NRXN1α in the cytoplasm. This mechanism is consistent with higher intracellular protein levels of a
NRXN1-binding protein CASK in human iPSC lines from SCZ patients with 5’ NRXN1 deletions 165 . This potential cryptic promoter might have been missed in previous studies due to the difficulty of developing targeted
transcript primers not anchored at the 5’ end 49 . Further transcriptional and functional experiments could better
validate the presence and role of this putative cryptic promoter in NRXN1 and SCZ biology.
In this study we also found 5 early developmental recurrent somatic deletions in the ABCB11 transporter
gene. These deletions were present only in the SCZ cases diagnosed with treatment-resistant schizophrenia,
which is defined as nonresponse to at least two antipsychotic medications 158 , and affects ∼30% of individuals
with SCZ 151 . Genes in this transporter family, including ABCB11 have been previously associated with differential response to anti-psychotics 212 . However, the exact mechanism by which mutations in these genes might lead
to poor response to anti-psychotics remains unknown.
The recurrent somatic deletions in ABCB11 suggest a dominant negative genetic mechanism. The ABCB11
gene is not dosage sensitive as measured by having a low pLI score ∼0 122 , suggesting that a dominant negative
mechanism is required for heterozygous mutations to have an effect of phenotype. The somatic losses of ABCB11
deleted the region that encodes for the protein domain responsible for interaction with HAX1. Disruption of
this interaction prevents the ABCB11 transporter from being recycled, leading to an increase of ABCB11 on the
cell surface 9,162 . Since the somatic deletions also affect parts of the transmembrane and transporter domain of
the protein, it follows that these heterozygous sCNVs might cause a dominant negative phenotype by persistently expressing altered ABCB11 transporter proteins in the cell’s apical surface. Taken together these data suggests that early developmental somatic losses in ABCB11 might predispose a subset of SCZ patients to have poor
response to anti-psychotics. Future functional studies are needed to validate this potential dominant negative
mechanism, and test the effect of disrupting HAX1 interaction in anti-psychotic response.
In summary, somatic CNVs in SCZ tend to be more prevalent compared to controls, suggesting a potential for
sCNVs to contribute to disease liability and affect treatment response. These data suggest a modest but poten-
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tially important role of sCNVs to the genetic architecture of SCZ.
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2.6

Materials and Methods

2.6.1 Data and code availability
• Individual level SNP-array data is part of the Psychiatric Genomic Consortium with the corresponding
privacy agreement. Access can be provided by applying through this website (https://www.med.unc.edu/pgc/sharedmethods/how-to/)
• Filtered sCNV callset is in Table S3.
• Scripts used to generate the main figures and analyses are available at https://github.com/emauryg/SCZ_
sCNV_paper_repo.

• Any additional information required to reanalyze the data reported in this paper is available.

2.6.2 SNP array data acquisition
Allelic intensity data for cases and controls were obtained from the Psychiatric Genomic Consortium (PGC)
CNV working group. The exact details of the data generation were previously described 140 . SNP array data
consisting of 13,464 SCZ cases and 12,722 controls was obtained. These data were profiled with the Illumina
OmniExpress, OmniExpress plus exome chip, Illum610K, and Affymetrix SNP6.0 arrays. For each determined
position the B allele frequency (BAF; proportion of B allele), Log-R ratio (LRR; total genotyping intensity of A
and B alleles), and genotype calls, were calculated.

2.6.3 Data processing
The genotypes from the SNPs from the arrays were phased using the Eagle2 131 software. Then, the BCFtools
plug-in MoChA (2021-01-20 release) was used to confidently call mosaic CNVs, by taking advantage of longrange haplotype phasing of heterozygous SNP sites and BAF estimates of genotype array data. Genotyping and
intensity data from Illumina platforms were distributed by the PGC in the Illumina GenomeStudio Final Report format, with the genomic positions genotyped using the hg18 human reference genome. To convert the
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Final Report format to VCF format, the rsID numbers were used to liftover coordinates to hg19, discarding positions without rsID, similar to Sherman et al 192 . Costum scripts were used to transform Final Reports to BCF
format, and Illumina’s TOP-BOT format was converted to dbSNP REF-ALT format using a modified version of
BCFtools plug-in fix-ref. MoChA calculates cell fraction from BAF as follows:
|0.5 − 1/CN| = ΔBAF; CF = |CN − 2|
where CN is the copy number and ΔBAF is the deviation of B allele fraction compared to 0.50. This equation
is valid for gains and losses.

2.6.4 Variant Level Quality Control
In accordance with the suggestions of the MoChA processing pipeline, the following variants were filtered out:
more than 2% genotypes missing, evidence of excess heterozygosity (p < 1e-6, Hardy-Weinberg equilibrium test),
correlation of autosomal genotypes with sex (Fisher exact test comparing number of 0/0 genotypes vs number of
1/1 genotypes in males and females), variants falling within segmental duplications with low divergence (< 2%).
This variant-level QC was performed on each separate batch.

2.6.5 Sample-Level Quality Control
In order to filter out samples with contamination from another individual two statistics were calculated: BAF
concordance and BAF autocorrelation. Briefly, BAF concordance calculates the probability that an adjacent
heterozygous SNP has a deviation from a BAF of 0.5 given that the previous heterozygous site had the same deviation from 0.5 210 . BAF autocorrelation is the correlation of the BAF statistic at consecutive heterozygous sites
once adjusted for the genotype phase. Samples with contamination with DNA from another individual would
be expected to have a BAF concordance > 0.5 and BAF autocorrelation > 0 because of allelic intensities correlated at variants within haplotypes shared between sample DNA and contaminated DNA. Samples with BAF
concordance > 0.51 or BAF autocorrelation > 0.03 were removed.
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2.6.6 Event type classification
An Expectation-Maximization algorithm was applied to classify events as either a Gain, Loss, or CN-LOH. The
algorithm determines the slopes that characterizes the relationship between the deviation of the LRR from 0
|ΔLRR|, and the BAF deviation from 0.5, |ΔBAF. In other words, the vents are classified based on the optimization of linear regression parameters by |ΔLRR| = |ΔBAF|βc + ε, where c ∈ {Gain, Loss, CN-LOH}, βc is the
slope for each event type, and ε ∼ N(0, σ2c ) is the error for each event-type clustering.
To test the hypothesis of whether more individuals with at least one sCNV of cell fraction greater than a given
cell fraction cut-off in cases vs controls, the two-sided Fisher’s Exact test was used (Sherman et al., 2021). The
95% confidence intervals were calculated using Wilson’s score interval. For the meta-analysis using each batch
separately we used a one-sided Fisher’s Exact test. The p-values were combined using the Tippet’s (minimum
p-value), and the Liptk’s (weighted sum of p-values) approaches.

2.6.7 Cell fraction, gene-set, length, and gene number burden analysis
To calculate the contribution of gene, length, and gene number burden, we fit a mixed effect logistic regression
on the case-control phenotype as the outcome variable. Let yi ∈ {0, 1} be an indicator of whether the subject is
diagnosed with SCZ or a control respectively. We modeled the burden as follows:
logit(Pr(yi = 1)) = β0 + βsex Xi,sex + βLENGTH Xi,LENGTH + β#sCNVs Xi,#sCNVs + βgenesets Xgenesets
where the parameters are as defined the section above, but with X#sCNVs is the number of sCNVs in teh individual, and Xgeneset is the number of genes in an event taht intersect a gene-set of interest. We then used the
likelihood ratio test to test whether βgenesets ̸= 0. We used the 3 gene-sets: (1) Brain expressed genes: defined as
the top 20% of brain expressed genes from the GTEx GTEx_Analysis_2017- 06- 05_v8_RNASeQCv1.1.9_gene_
median_tpm.gct.gz (https://www.gtexportal.org/home/datasets).

(2) Synaptic genes obtained from Synap-

tomeDB (http://metamoodics.org/SynaptomeDB/index.php). (3) High pLI genes, i.e. pLI > 0.90, obtained
from ExAC (file: fordist_cleaned_nonpsych_z_pli_rec_null_data.txt) (https://gnomad.broadinstitute.
org/downloads).
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2.6.8 Permutation test for enrichment of sCNV overlapping exons 1-5 of NRXN1
We used the R package regioneR 59 to randomly shuffle the 7 sCNV that overlapped NRXN1 across the NRXN1
locus using the randomizeRegions function. We added a padding of 1Mb to the 5’ and 3’ ends of the NRXN1
locus. After randomly shuffling the sCNV we counted how many segments overlapped exons 1-5. We repeated
this procedure 10,000 times. To calculate a p-value we obtained the fraction of overlaps greater than the observed
5. Since we performed 10,000 iterations our smaller possible p-value was 0.0001.

2.6.9 Breakpoint microhomology analysis
For the NRXN1 somatic deletions, we identified the breakpoints at the single base resolution by looking for
clipped reads with IGV 203 in the vicinity of discordant paired reads mapping to genomic locations that implied a
larger insert size than expected. Microhomology was identified by looking at the surrounding bases of the clipped
reads covering the breakpoint and looking for corresponding identical basepairs.
Characterization of the mechanism of origin was identified using the strategy described in Yang et al 229 .
In brief, if there was no microhomology nor insertions >10 bp, the event was predicted to be created by nonhomologous end joining repair (NHEJ). If there was a microhomology >2 bp but <100 bp, the event was classified as alternative end joining (alt-EJ). If the microhomology was >100bp, which was not observed in this study,
the event was classified as non-allelic homologous repair (NHAR).
The cell fraction of the events was estimated by identifying the breakpoints as above, and counting the number of clipped reads supporting the breakpoints from IGV images. Specifically, the number of clipped reads was
divided by the sequencing depth at that site and multiplied by 2. For each event, the estimate of the cell fraction
was obtained from the breakpoint with the highest coverage.

2.6.10 Germline CNV Analyses
We obtained gCNV final calls from the SCZ Phase 2 study by the PGC CNV working group 140 . We narrowed
down the gCNV calls to those that were identified in the same genotype arrays that were analyzed for sCNVs. To
further control for sensitivity between the methods used to call sCNVs and gCNVs we focused on gCNV events
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with size >100Kb. Length and genic burden analyses were performed using a mixed effect model framework
using sample batch as the random effect.

2.6.11 In situ Hi-C from hiPSC-derived neurons
Forebrain neurons were generated as previously described 49 . Briefly, neural precursor cells (NPCs) derived from
hiPSCs with heterozygous germline deletions in the 5’-end (exons 1-2), 3’-end (exons 21-23) and from an hiPSC
line with no germline deletion in NRXN1 were seeded at low density and cultured in neural differentiation
medium (DMEM/F12, 1xN2, 1xB27-RA, 20 ng ml−1 BDNF (Peprotech), 20 ng ml−1 GDNF (Peprotech),
1mM dibutyryl-cyclic AMP (Sigma), 200nM ascorbic acid (Sigma) and 1 μgml−1 laminin (ThermoFisher Scientific) 1–2 days later. Cells were maintained in differentiation medium for 7.5 weeks before harvesting.
In situ Hi-C libraries were generated from 500K-1 million cultured hiPSC-derived neurons using the Arima
Hi-C kit (Arima Genomics, San Diego) per manufacturer’s instructions without modifications. Briefly, in situ
Hi-C consists of 7 steps: (1) crosslinking cells with formaldehyde, (2) digestion of the DNA using a proprietary
restriction enzyme cocktail within intact nuclei, (3) filling and biotinylation of the resulting 5’-overhangs, (4)
ligation of blunt ends, (5) shearing of the DNA, (6) pull down of the biotinylated ligation junctions with streptavidin beads, and (7) analyzing these fragments using paired end sequencing. The resulting Hi-C libraries were
sequenced on the Illumina HiSeq1000 platform (125bp paired-end) (New York Genome Center).

2.6.12 Hi-C read alignment
Hi-C reads were aligned to the hg19 reference genome using bwa mem (v0.7.17-r1188) using the flags “-SP5M”
(“-SP” for aligning each end of the paired end reads separately, “-5” to force always reporting the 5’ part of a
chimeric read as primary). Aligned reads were subsequently used for two different tasks: 1) variant calling with
the GATK pipeline followed by HapCUT2 phasing, and 2) Hi-C matrix construction via pairtools.

2.6.13 Hi-C preprocessing for variant calling
Duplicate Hi-C reads were marked using Picard’s MarkDuplicates (via GATK, v4.0.12.0). Bamfiles were recalibrated using the GATK BQSR (base quality score recalibration) procedure. Briefly, BaseRecalibrator was run
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using dbSNP build 138, the Mills + 1000 Genomes gold standard indels, and the 1000 Genomes Phase I gold
standard indels as reference variants. The recalibration adjustment was then applied with ApplyBQSR.

2.6.14 Hi-C Variant Calling
Deduplicated and recalibrated Hi-C reads were then processed using the GATK (v4.0.12.0) germline short-read
variant discovery pipeline. Briefly, HaplotypeCaller was run in gVCF mode (flags “-ERC GVCF”) using dbSNP
build 138 as a reference. Merged gVCFs then were converted to genomicsDB format with GenomicsDBImport
and genotypes were called against this genomicsDB with GenotypeVCFs. Variant quality scores were separately
recalibrated for SNVs and indels via the GATK VQSR (variant quality score recalibration) procedure. Briefly,
separate VQSR models were built for SNVs and indels using VariantRecalibrator, run in SNP or INDEL mode,
respectively. The reference variants used for SNV quality recalibration were:
HapMap variants (v3.3): training and truth, prior of 15
1000 Genomes ”Omni” platform variants (v2.5): training and truth, prior of 12
1000 Genomes Phase I gold standard SNPs: training only, prior of 10
dbSNP variants without 1000 Genomes (build 138, excluding sites after build 129): known, prior of 2
The reference variants used for indel quality recalibration were: Mills + 1000 Genomes gold standard indels:
training and truth, prior of 12
dbSNP variants without 1000 Genomes (build 138, excluding sites after build 129): known, prior of 2
The flags “–max-gaussians 2 -an QD -an MQ -an ReadPosRankSum -an FS -an SOR -an DP” were used when
building the SNV recalibration model, and the flags “–max-gaussians 4 -an QD -an DP -an FS -an SOR -an ReadPosRankSum” were used when building the indel recalibration model.
The VQSR models for SNVs and indels were then applied using ApplyVQSR in SNP or INDEL mode, respectively, with a truth sensitivity filter level of 99.

2.6.15 Hi-C haplotype phasing
Haplotypes were phased using HapCUT2. Briefly, recalibrated and filtered variants were separated for each sample, then HAIRS were extracted with extractHAIRS with flags “–hic 1 –indels 1”. HAPCUT2 was then run
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with flag “–hic 1”.
Each Hi-C read was then assigned to one of the two haplotype blocks called by HapCUT2 by counting how
many variants that overlapped the read were part of each haplotype block. If a read overlapped multiple variants
that were phased to different haplotype blocks, a majority voting system was used to assign those reads to the haplotype block that had more variants overlapping that read. If an equal number of variants from each haplotype
block overlapped the read, the read was discarded from the phasing process.

2.6.16 Hi-C matrix construction and visualization
Hi-C matrices were constructed from mapped reads using the pairtools pipeline. Briefly, Hi-C read pairs were
parsed, sorted, merged, and deduplicated. Restriction fragments were assigned to read pairs by using “pairtools
restrict” with a restriction fragment bedfile generated using the “digest_genome.py” script from HiC-Pro.
Phased pairsfiles were generated by subsetting the unphased pairsfile to only those reads that were phased to a
specific haplotype block. Phased and unphased pairsfiles were used to assemble contact matrices using the “juicer
pre” command in juicer_tools (v1.8.9), using a MAPQ threshold of 10. Phased matrices were assembled at 40 Kb
resolution, while unphased matrices were assembled at 10 Kb resolution.
Unphased matrices were balanced using the KR (Knight-Ruiz) normalization implemented in juicer_tools
and visualized in balanced form. Phased matrices were visualized in unbalanced form. H3K27ac ChIP-seq tracks
from ENCODE (H1 neurons, Bernstein Lab, ENCODE ID ENCFF516KKW) were overlaid on the heatmaps.
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”In the field of observation chance favors only the prepared
mind.”
Louis Pasteur, 1902

3

Enrichment of somatic mutations in
schizophrenia brain targets prenatally active
transcription factor bindings sites

This section is based on the following paper I contributed to during my PhD:
Maury EA*, Jones A*, Seplyarskiy V*, Rosenbluh C, Wang Y, Bae T, Abyzov A, Khoshkoo S, Chahine Y, Brain
Somatic Mosaicism Network, Park PJ, Akbarian S, Lee EA, Sunyaev SR, Walsh CA, Chess A. Enrichment of
somatic mutations in schizophrenia brain targets prenatally active transcription factor bindings sites. bioRxiv
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* co-first authors.
Supplementary Material: All supplementary material can be found in the Appendix. All other supplemental
material can be found in Maury et al. BioRxiv 2022.

3.1

Introduction

While schizophrenia (SCZ) typically presents in adolescence or early adulthood, known causative factors appear
to act during development. For example, germline mutations recurrently identified in SCZ, such as NRXN1,
TRIO and others 195,140 , encode proteins implicated in synaptic development, while inherited non-coding variants conferring SCZ risk also tend to affect regulatory networks critical for brain development 32,78 . Furthermore,
longstanding epidemiological evidence and animal model studies suggest that prenatal factors including maternal infection and immune activation in the first two trimesters 21,95,48,232,100 can also increase SCZ risk, but how
these nongenetic factors contribute to development of SCZ decades later remains unclear.
Somatic variants, present in only a fraction of cells in the body, occur throughout development 7,14,17 , and
contribute to many neurodevelopmental conditions such as pediatric epilepsy20 and autism spectrum disorders
(ASD) 125,42,109,179 . Analyzing the patterns and distribution of somatic variants has provided biological insight
into cancer and neurodevelopmental disorders 7,73,56,117,193,180,44,152,153,126 , and revealed important molecular
mechanisms that leave mutational footprints. We analyzed somatic mutations from deep WGS of DNA extracted
from purified neurons from healthy individuals and individuals with SCZ to specifically examine mutations
occurring during early prenatal development. Beyond an overall enrichment of somatic mutations in SCZ, we
also observed two specific mutational footprints in SCZ cases that were absent in controls.

3.2

Results

3.2.1 Study design and variants discovery
We sequenced DNA from NeuN+ neurons of post-mortem dorsal lateral prefrontal cortex (DLPFC) samples
from 61 SCZ individuals and 25 neurotypical controls (Figure 3.1A, Table S2, Methods) which identifies so-
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matic mutations occurring prenatally, since post-mitotic neurons do not divide after development (Figure 3.1A).
The brains were homogenized and nuclei stained for NeuN, and subjected to FACS using standard methods 145 .
DNA was then extracted from 500,000-1,000,000 nuclei and sequenced without amplification (Methods). Median genome coverage was 267X, with no significant difference in coverage between cases and controls (Figure
3.1B). Mosaic somatic single nucleotide variants (sSNVs) were identified using best practices of the Brain Somatic
Mosaicism Network (BSMN), which offers high sensitivity to identify sSNVs down to a variant allele fraction
(VAF) of 0.02 in WGS 220 . The final call-set consisted of 3,284 sSNV calls (2,422 in SCZ and 862 in controls),
with VAFs ranging from 0.02 to 0.38. Orthogonal validation with amplicon-based sequencing (Methods) confirmed 23/25 (92%), with VAFs highly correlated with WGS estimates (R-squared = 0.87, Figure 3.1C) suggesting a highly accurate call-set.

3.2.2 Increased genome-wide sSNV burden in SCZ
The mean genome-wide sSNV counts revealed an unexpected increase in SCZ cases (39.7 per sample) compared
to controls (34.5) (Figure 3.1D), a difference that was highly significant even after controlling for sample coverage, age of death, and standardized post-mortem interval (Poisson regression rate ratio (RR) = 1.30, 95% CI:
[1.20-1.40], p=1.99e-10). One outlier SCZ sample with 188 mutations showed no technical or analytical anomalies that would justify its exclusion (see Appendix), but the excess in genome-wide burden remained significant
even after excluding this sample (p = 7.7e-5). VAF distributions were not significantly different between cases
and controls (Kolmorogrov-Smirnov test, p=0.55, Figure 3.1E). Somatic copy number variant (sCNV) analysis
revealed a somatic gain in one SCZ case, overlapping intron 1 and part of exon 2 of the SORCS2 gene (Figure
A.1B, C), implicated in attention-deficit hyperactive disorder (ADHD), and bipolar disorder 123,15,160,113 , though
a role of this gene in SCZ is not established (see Supplemental Text for more details). There was not a statistically
significant enrichment of sSNV in GWAS loci previously associated with SCZ (Binomial regression, p = 0.936).
Similarly, we did not detect somatic protein truncating variants (stop-gain, splice-site altering) or missense variants at genes implicated in SCZ in germline de novo or rare variant studies 195 in our small sample size.
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Figure 3.1: Increased genome‐wide sSNV burden in schizophrenia cases compared to controls. A) Schematic of experimental and anal‐

ysis design. Notably, neuronal clonal somatic mutations that are shared across neurons originate during prenatal brain development;
occurring either before organogenesis (pre‐gastrulation), resulting in somatic variants present in cells across multiple tissues, or during
neuronal proliferation during neurogenesis. Mutations occurring postnatally in neurons are not clonal and hence undetectable with this
method. B) Histogram of average sequencing coverage for schizophrenia cases and control samples. C) Scatter plot of Deep WGS vari‐
ant allele fraction (VAF) for variant submitted to validation and the VAF from the validation amplicon sequencing. R‐squared value best‐
fit line and 95% confidence band was computed from ordinary linear regression model. D) Scatter plot of number of sSNV per sample
for schizophrenia cases and controls. Large points represent the sample means. The p‐value was calculated using poisson regression. E)
Scatter plot of VAF as a function of the number of reads covering the variant position. Margin plots show the corresponding marginal
distributions for cases and controls for VAF and variant depth.
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3.2.3 Higher sSNV rate at active TFBS in SCZ
Analysis of the distribution of sSNV across the genome using fetal brain epigenomic tracks from Roadmap
Epigenomes 177 , revealed an increased sSNV rate at open chromatin regions in SCZ neurons compared to controls. We observed higher sSNV rate in in SCZ compared to controls at DNase hypersensitivity sites (DHS)
(binomial regression, p = 0.0008, Figure 3.2A), indicative of open chromatin. Conversely, we found a complementary lower sSNV rate in SCZ samples at H3K27me3 regions, associated with downregulation of genes and
more closed chromatin 24 (binomial regression, p = 0.0004, Figure 3.2A). On the other hand, we did not detect
significant differences in sSNV rate at regions of increased fetal brain gene expression in cases compared to controls, nor a systemic transcriptional strand bias (Figure A.2A), nor significant association between sSNV rate and
replication time or replication fork direction (Figure A.2B).
Previous studies in colorectal, skin, and other cancers observed an enrichment in point mutations at active
TFBS, i.e. those overlapping DHS, due to hindrance of the DNA repair machinery by bound transcription factors (TFs) 168,183,93,52 . To test whether a similar phenomenon could explain the local increase in mutation rate at
DHS regions in SCZ, we calculated the sSNV rates near the midpoint of active TFBS, accounting for the number
of genomes sampled in each disease category (see Methods for details). We observed a robust increase in sSNV
proximal (+/- 1Kb) to the midpoint of the active TFBS in SCZ compared to controls (Poisson test, RR = 2.64
[1.18:6.93], p = 0.014, Figure 3.2B). This enrichment further increased at active TFBS overlapping promoter regions (Poisson test, RR = 3.32 [1.01:17.19], p = 0.03, Figure 3.2B). This enrichment over controls was observed
across multiple TFs, thus the mutational process does not seem to be TF specific at this resolution (Table S3A,
B).
Comparing the scale of the sSNV enrichment in SCZ near active TFBS to the expected genome-wide rate
showed a 7.18-fold [2.33,16.8] enrichment at 50bp surrounding the TF mid-point (p = 7.69e-4, Figure 3.2C).
This enrichment further increased to 8.48-fold [1.75:24.8] in promoter regions (p = 0.0057, Figure 3.2C). At
distances exceeding 100bp from the TFBS midpoint, the mutational effect faded away completely; thus, this process is extremely localized. Significant mutational enrichment was seen at sites for many individual TFs essential
for early embryonic, craniofacial, and/or nervous system development (Table S3C, D), with the highest nominal
enrichment for Sp1 139 (p = 5e-6), Rxra 144 (p = 8e-5), Tfc12 204 (p = 5e-4), and Fos/Jun 211 (p = 1e-3).
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3.2.4 Prenatal TFBS are enriched for sSNV in SCZ
Comparison of sSNV rates at TFBS across DHS regions derived from different fetal and adult tissues suggests
that the enrichment we observed in SCZ relates to fetal development. We observed significant enrichment of
sSNV at active TFBS across all 11 tissues examined (including 7 fetal and 4 adult, Table S4, Figure 3.2D), suggesting that this mutational pattern is not obviously tissue specific (3.2D). and we observed similar sSNV increases at
TFBS across DHS present in both brain-derived tissues and non-brain tissues (Figure 3.2E). On the other hand,
sSNVs were enriched at TFBS overlapping private fetal DHS (RR=5.00, 95% CI [1.62-11.7], p = 3.67e-3], but
not at TFBS overlapping private adult DHS (Figure 3.2E), consistent with the accumulation of these sSNV during prenatal development, yet potentially occurring in many fetal tissues rather than only in fetal brain.

3.2.5 Specific sSNV patterns at TFBS
Analysis of specific base substitutions illuminated at least two potential sources of developmental mutagenesis.
Measuring relative rates of sSNV across base changes at non-CpG sites, we observed a highly localized increase
in sSNV rate of T>G substitutions (RR = 25.9, 95% CI [5.31:76.52], p = 2.4e-4) around 100 bp from the TFBS
midpoint (Figure A.3A), which was further enhanced at promoter regions (RR = 79.3, 95% CI[21.45:205.44],
p = 2.69e-7, Figure 3.3A). T>G mutations made up a significantly higher proportion of sSNV in SCZ compared
to control (Fisher Exact Test, OR= 2.19, 95% CI [1.58-3.09], p = 4.63e-7, Figure A.4), while no other non-CpG
base change was statistically significant (p > 0.05), suggesting a potentially disease-enriched mutational pattern.
Previous studies in cancer showing enrichment of specific damage-induced sSNV at active TFBS have attributed them to steric interference of the TF with the DNA repair apparatus 168,183,93,52 , although other mechanisms have been proposed 52,138 . Somatic T>G mutations resembling COSMIC signature SBS17b 7 at TFBS
in gastrointestinal cancers have been attributed to oxidative damage 93 . Notably, the sSNV trinucleotide context
at promoter sites and active TFBS in SCZ had a N[T>G]T mutational distribution resembling SBS17b (Figure 3.3B). We also observed a prominent peak at the T[T>G]T trinucleotide context, characteristic of SBS288,
which shares many features with SBS17b 7 . There was a significant increase in contributions of SBS17b and SBS
28 to sSNV mutations in SCZ (p=3.2e-4 and p = 3.6e-6, Figure 3.3C) at promoter sites compared to the expected
genome rate, but not in controls (SBS17b and SBS28 p=1, Figure 3.3C). Brain samples from patients with ASD
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that were whole-genome sequenced at over 200X 179 did not show this enrichment. These data suggest the intriguing possibility that prenatal oxidative damage, which does not get effectively repaired due to TF binding,
might create mosaic sSNV at key TFBS, and in our data this phenomenon is relatively specific to SCZ.
Measuring the contribution of SBS17b and SBS28 across samples revealed that the T>G mutational processes
was largely present in a subset of SCZ samples. As expected, the contribution of both signatures was highly correlated among samples (Spearman’s rho = 0.76, p < 2.2e-16, Figure 3.3D). While there was an overall significant
enrichment of SBS17b (t-test, p=0.028) and SBS28 (t-test, p =0.034) in SCZ cases compared to controls, the enrichment in SCZ was mostly driven by a subset ( 8%) of SCZ cases with contributions of SBS17b or SBS28 >2 std
above the mean (Figure 3.3D). Such a shared mutational process in a sizable group of individuals is most suggestive of a common maternal or fetal environmental process or exposure, though our data do not allow a definitive
answer.
We observed that the VAF distribution of T>G mutations at active TFBS differed from that of non-T>G
mutations outside of active TFBS (Kolmogorov-Smirnov test, p = 0.001, Figure 3.3E), allowing a few clues as
to their timing. The VAF of T>G mutations at active TFBS was shifted toward lower values (0.02-0.08), suggesting that this process is not active during the first 1-3 cell divisions, but nonetheless begins during the first
trimester 17 , since somatic mutations occurring after gastrulation are detected with very low sensitivity in 200X
WGS 17,179 (3.1A). However, given our low sensitivity for events with VAF lower than 0.02, it is possible that
TFBS-associated accumulation of T>G mutations continues through later stages of fetal development as well.
Remarkably, we found 2 instances in which the exact same nucleotide substitution occurred at the exact same
genomic position in two unrelated individuals with SCZ (Table S4), implying a remarkably narrow mutational
target for this process. We did not observe any recurrent mutations in control samples or in review of other deep
WGS samples 179 , and were able to validate these mutations by orthogonal methods (Methods, Table S4). Both
recurrent sSNV were T>G/A>C mutations (Table S4). One occurred in the TFBS of ZNF343 within the promoter of the gene KCNE1, which encodes a potassium channel associated with congenital deafness and ventricular arrythmia 178 (Figure 3.3F). The probability of observing 2 recurrent sSNVs by chance is exceedingly low
(Poisson Test, p = 6.05e-6), suggesting that the mutational process driving these T>G mutations is highly localized in the genome.
A second potential mechanism was revealed by analysis of sSNVs at CpG sites, which showed up to 61.8-fold
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(95% CI [7.14:245.3], p=1.04e-4, Figure 3.4A, Figure A.3B) enrichment of CpG>GpG in active TFBS at promoters compared to the expected C>G genome-wide rate. C>G and C>A transversions at CpG contexts are
characteristic of a known mutational process (Component 11, Figure 3.3B) 190 that reflects a footprint of enzymatic demethylation, which involves the resection of oxidated methyl-cytosine, creating an abasic site 225 (Figure
3.4B). If the abasic site is not repaired before replication, CpG transversions occurs 27 . We speculate that this last
step of demethylation could be similarly obstructed by TF binding, analogous to the interference between repair
of lesions and TF binding 168,183,52 .
In addition to the enrichment of CpG transversions at active TFBS in SCZ (RR = 36.9, 95% CI [4.34:140.7],
p=0.0015, Figure 3.4C), we observed a similar trend in bulk brain samples from individuals with ASD (RR=19.3,
95% CI [0.48:112.8], p=0.052, Figure 3.4C). This pattern was not observed in control neurons in the current
dataset, nor in control bulk brain samples from the ASD study (Figure 3.4C). We similarly saw no enrichment of
CpG transversions at close proximity to active TFBS in sSNVs obtained from a recent non-diseased twin study
(Figure 3.4C) 87 . The enrichment of mosaic CpG transversions in disease cases (SCZ+ASD) compared to controls was statistically significant compared to aggregated sSNVs from non-diseased samples (Fisher’s Exact Test p
= 0.004). The absence of acceleration of CpG transversion rate at active TFBS in controls again suggests that the
interaction between TF binding and repair of abasic sites is specific to disease phenotype. By contrast we did not
observe a significant difference in rate of somatic CpG transversions at CpG islands in disease compared to control (Fisher’s Exact Test p = 1, Figure S5), suggesting that CpG transversions in these latter regions might occur as
part of normal development.

3.3

Discussion

Our 267X WGS is sensitive to detect sSNVs shared by >2% of cells within a DNA sample 220 , indicating that the
sSNVs detected in neuronal DNA from postmortem brain must have arisen in the dividing progenitor cells of
those neurons, and hence be shared clonally among >2% of neurons (3.1A). Since neuronal progenitor proliferation ends by 24 weeks of gestation 194 , detected sSNVs must have occurred prior to that time (3.1A); the VAFs of
specific variants, and their enrichment at chromatin regions open in many fetal organs, further implicate mutations arising in the first trimester, though potentially continuing later.
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While our data is limited by the sample size and the number of mutations observed, they suggest mutational
models that could explain the distinctive sSNV patterns observed in SCZ. One model consistent with the T>G
process is that oxidative damage, as measured by the SBS17b/SBS28 mutational signatures, produce preferential
sSNV accumulation at active TFBS due to hindrance of the DNA repair machinery by TFs bound to damaged
DNA (Figure 3.4D). The genomic damage could reflect factors such as maternal infection or immune activation
(MIA) 48 , which have been implicated in SCZ. Clinical epidemiology 21,95,48 and animal model studies 48,232,100
suggest that a portion of SCZ cases might be influenced by maternal infection, although the exact mutational
footprint that this might create remains unknown; this suggests an area for further inquiry. Future studies with
larger sample sizes might be needed to validate these findings using de novo signature extraction, and functional
validation.
The mutational process involving CpG transversions at active TFBS could arise even earlier. We previously
reported that CpG transversions make up 2.4% of all mosaic mutations from bulk brain tissue, potentially originating in the early zygote shortly after fertilization, when global DNA demethylation of the paternal and maternal genomes restores totipotency at the maternal-to-zygotic transition 190,225,46 . Alterations in this epigenetic
process, either endogenous or exogenous, would predispose to somatic CpG transversions. The higher mean
VAF of CpG transversions compared to T>G mutations at active TFBS (0.09 vs 0.02) is consistent with them
occurring very early in development 17 . Comparison of mosaic mutation patterns between individuals with SCZ
and controls is remarkable because the overall burden in CpG transversion is higher than seen in germline in
both cases and controls 190 , but the effect of TF binding is unique to individuals with neuropsychiatric disease.
While we favor a model in which these SCZ-specific processes may relate to known prenatally acting risk factors,
other possibilities include SCZ-specific aspects of development, such as the division rate or TF binding time, that
might also lead to TFBS being enriched with damage-induced mutations 124 . In any event, the T>G process and
the CpG transversion process so far appear separate, observed in distinct individuals, and not so far shared in the
same sample (Figure 3.4D).
We refer to these two mutational processes at TFBS as “skiagenesis”, from the Greek for “shadow,” because
they occur in the shadow of TF binding. However, this term also captures the fact that despite the high risk they
may create for SCZ, these sSNV are inaccessible to discovery by present-day clinical genetic testing. Their location in noncoding DNA and their exceedingly low VAF is only captured by deep WGS, which is expensive and
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informatically demanding.
Somatic SNV, enriched at essential TFBS active in development, are ideally suited to create risk for developmental brain dysfunction in SCZ. These mutations are predicted to be highly disruptive to the transcriptional
regulation that underlies neuronal function, and may synergize with inherited and de novo germline SCZ risk
genes that typically control gene dosage. Furthermore, the highly recurrent sites impacted by skiagenesis suggest
how a nonspecific process can be channeled by specific TF binding to create recurrent patterns of mutation and
recurrent risk for a behaviorally complex phenotype. Skiagenic mutations represent a fingerprint of prenatal factors that influence risk to SCZ and promise to help further dissect and classify these factors.
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3.6

Materials and Methods

3.6.1 Sample preparation and sequencing
Frozen post-mortem DLPFC (dorsolateral pre-frontal cortex) pulverized samples of subjects (61 schizophrenic
and 25 control) were obtained from the Mount Sinai Brain Bank, part of the NIH NeuroBioBank. All specimens were deidentified, and all research was approved by the CommonMind Consortium. No statistical methods were applied to predetermine sample sizes, and rather we attempted to obtain data from all the affected and
control frozen brains available to us at the time of the study and within the budget constraints of the project.
Data collection and batching of samples were not randomized. We isolated NeuN+ (Anti-NeuN-Alexa488 (Cat#
MAB377X, EMD Millipore) antibody) nuclei from DLPFC tissue samples using fluorescence-activated nuclei sorting 123 , followed by standard proteinase-K based DNA isolation with phenol-chloroform cleanup and
ethanol precipitation. Sequencing libraries were then prepared with the Illumina TruSeq DNA PCR-free kit,
according to the manufacturer’s standard protocol (350bp fragment design). We quantified sequencing libraries
using the KAPA Library Quantification Kit (a real-time PCR methodology), and libraries were sequenced at the
GeneWiz sequencing facility (NJ, USA) on an Illumina HiSeq X Ten platform, to yield 150bp paired-end reads.
Sequencing experiments aimed for a minimum yield of 200x coverage per sample, and the average coverage obtained across all samples was 267x.

3.6.2 Somatic SNV calling and filtering
Somatic SNVs were identified from WGS sequencing data using the best practices workflow from the Brain
Somatic Mosaicism Network 220 . Briefly, fastq files were aligned to the GRCh37 reference genome using bwa
v0.7.17 124 , and preprocessed using the GATK best practices. Raw variants were then called using GATK Haplotypecaller 171 using a ploidy that corresponds to 20% of the overall sequencing coverage (i.e. ploidy of 50). Variants were then filtered if they fell on genomic regions labeled by 1000 Genomes Strict Mask 218 . Variants with a
GnomAD 90 population allele frequency >0.001 were filtered as well as variants with variant allele frequencies
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close to 0.5 (binomial test p < 1e-6) to remove potential germline variants. Candidate sSNVs were required to
have >4 independent non-duplicated supporting reads with mapping quality of 20. A panel of normals filter
from the 1000 Genomes Project was also used to remove variants that might occur from technical artifacts. The
pipeline is readily accessible along with instructions at https://github.com/bsmn/bsmn-pipeline, which was
run using the AWS ParallelCluster (https://github.com/aws/aws-parallelcluster) with the following configuration settings (https://github.com/bintriz/bsmn-aws-setup).

3.6.3 Somatic copy number variant calling
We performed somatic CNV analysis on samples with 75 samples with mean coverage larger than 100x. We excluded 19 samples (MSSM_033, MSSM_063, MSSM_065, MSSM_069, MSSM_116, MSSM_118, MSSM_158,
MSSM_192, MSSM_201, MSSM_266, MSSM_287, MSSM_291, MSSM_293, MSSM_299, MSSM_308,
MSSM_309, MSSM_310, MSSM_331, MSSM_338) with coverage less than 100x. In addition, we excluded
MSSM_164 with noisy signals in both read depth and allele frequency. Candidates for somatic CNVs were
generated by CNVpytor 199 with the caller gathering information from both read depth and split in B-allele frequency of germline SNPs called using GATK haplotype caller run with ploidy=2. Analysis was conducted with
two bin sizes: 100 kbps and 10 kbps.
We then applied filters to exclude false positive candidates and germline CNVs. We considered as false positives
the following: 1) calls with adjusted p-value from CNVpytor larger than 0.05/(number of samples*3*109/bin
size); 2) calls with <50% of well mapped bases (P-bases) as defined by the 1000 Genomes Project; 3) calls with
>5% of non-sequenced reference (N-bases); 4) calls only supported by read depth (p-value from BAF signal >
0.01) and with predicted cell frequency <5%; 5) calls with predicted cell frequency <10%; 6) calls found in multiple samples (two calls are considered the same if overlap by 50% reciprocally). We additionally filtered out calls
with length ≤ 3 of bins due to the boundary effects, which may lead to underestimation of cell frequency for
germline CNVs.
We were not able to resolve breakpoints for the somatic duplication. Thus, we imputed two haplotypes by
phasing germlines SNPs using population haplotypes and then confirmed that the frequencies of the two haplotypes were different.

78

3.6.4 Amplicon Validation
Custom primers were designed for each candidate variant using the default settings in Primer3 207,108 to generate
150-300bp amplicons. The primers were commercially synthesized (IDT) and tested on human genomic DNA
(Promega) to confirm generation of only one amplicon product at the expected size. Then 10-50ng of genomic
DNA from patients (based on sample availability) were used to create amplicons for sequencing, purified using
2X AMPure XP, and run on a gel for quality control. Amplicons from different samples were pooled together
and illumina sequenced to achieve at least 10,000 reads per each unique amplicon. The raw reads were aligned to
the reference genome (hg19) and the visualized on Integrative Genomics Viewer (IGV) to confirm the presence
of each candidate variant. The variant allele frequencies were calculated based on the total number of REF and
ALT alleles.

3.6.5 Epigenomic mark enrichment
To test the for enrichment of epigenomic tracks (H3K27me3, DHS, H3K4me1, H3L36me3, H3K9me3, H3K4me3)
in SCZ cases compared to controls we modeled the number of mutations Y at each track region i as a binomial
outcome, such that:
Yi ∼ Bin(Si , pi )
where S is the number of sites available to be mutated, and p is the probability of a site being mutated. For each
track we constructed a matrix with N, the number of regions, times 2 rows (one for each disease category) and
3 columns (for the intercept, track signal, and diagnosis). So that we can estimate the relationship between each
track’s signal and diagnosis status as a log binomial regression:
log (pi ) = β0 + βi log(score +1) + β2 Dx + β3 log(score +1) · Dx
where score is the signal of each track respectively, and Dx is the diagnosis status. We considered a result significant if β3 ̸= 0, which we interpret as the excess effect of the epigenetic mark on somatic mutation rate in SCZ
cases compared to controls. We used the glm R package to estimate these parameters. The broadpeak tracks were
obtained from Roadmap Epigenomics from sample E081 177 .
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3.6.6 Transcription factor binding site track
We aggregated the hg19 TFBS bed files from Vorontosov et al 217 using transcription factor tracks with highest
reliability and experimental and technical reproducibility (A tracks). Since these tracks are an aggregation across
experimental designs, they represent TFBS that are not necessarily tissue specific.

3.6.7 Variant Annotation
Variant Annotation For schizophrenia GWAS loci we used Table S4 of Pardinas2018 (DOI:10.1038/s41588-0180059-2).

3.6.8 DNAse hypersensitivity tracks
We obtained the DHS tracks from ENCODE 55 and Roadmap Epigenome 177 . We also obtained tracks from fetal
neuron, neuro-progenitor cells, and fetal brain from Girskis et al.59 For a complete list of the tracks and how to
access them see Table S5. For most of the analyses involving DHS we used the broad peak calls with an FDR of
0.01 of fetal brain from sample E081 from Roadmap Epigenome39, unless otherwise stated.

3.6.9 Comparison of sSNV rates between cases and controls at active TFBS
We compared the sSNV rates per Mb in a range of +/- 10Kb from the TFBS mid-point. For this analysis the
TFBS bed file was filtered by overlaps with the top 10% DHS regions from fetal brain (Table S5) and promoter
regions. The promoter regions were defined as 2.5Kb upstream from transcription start sites as defined by Ensembl transcripts. The 20Kb range was binned into 2Kb windows and a Poisson test was used to compare the
rates in SCZ and control mutations, using the genomation R package 4 . We adjusted by the number of samples
in each disease category by multiplying the number of sites covered on each bean by the number of cases and
controls respectively.

3.6.10 Comparison of sSNV rates with genome-wide rates
We compared the sSNV rates per base pair at different distance intervals from the TFBS mid-point. For this analysis the TFBS bed file was filtered by overlaps with the top 5% DHS regions from fetal brain (Table S5) and pro-
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moter regions. The promoter regions were defined as 2.5Kb upstream from transcription start sites as defined
by Ensembl transcripts. The number of mutations from the next interval closest to the TFBS midpoint was subtracted from the subsequent interval to make each interval independent. We used a Poisson test to compare the
sSNV rate at each interval, using the genome-wide rate as the expected rate.

3.6.11 Signature contribution estimation
Signature contribution estimation We estimated the fraction mutational signatures SBS17b, SBS28, SBS1, and
SBS5 from sSNV in cases and controls with the MutationalPatterns R package 18 . We estimated these fractions
across all sSNV and at promoter regions defined as 2.5Kb upstream from transcription start sites as defined by
Ensembl transcripts. The latter was used since it provided sufficient number of mutations for reliable signature
estimation compared to active TFBS.

3.6.12 Data availability
FASTQ, CRAM, and VCF files were annotated with clinical and sample information and submitted to the
NIMH Data Archive into collection C2965 (https://nda.nih.gov/edit_collection.html?id=2965).

3.6.13 Code availability
Scripts to generate the main figures and statistical analyses are available at https://github.com/emauryg/Skiagenesis_
repo .

Any additional information required to reanalyze the data reported in this paper can be made available

upon reasonable request.

81

4

Conclusion

This thesis has focused on the study of mosaic, somatic mutations to learn about developmental origins
of brain tumors and neuropsychiatric disorders. A wide array of experimental and analytical approaches were
implemented to obtain different resolutions of how somatic mutation pattern arise in healthy and disease states.
Since each chapter uses its own methods, with their own limits of sensitivity and study design, the conclusions
drawn from one do not immediately translate to another, but some general principles emerge.
Chapter 1 employed target sequencing and RNA-seq of brain samples to study the prevalence of mosaic somatic mutations in normal brains. This approach revealed that 5.4% of healthy brains carried oncogenic somatic
mutations similar to those observed in brain tumors such as IDH1. Intriguingly, when comparing somatic mu-
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tations from prenatal development to old age, we observed a robust decrease in the prevalence of these variants
with age, reaching the highest burden before birth. These results suggests that mosaic somatic mutations might
be associated with pathology throughout development and later in life, reducing the pool of individuals carrying
mutant macro-clones from the healthy population.
Chapter 2 leveraged haplotype-phasing from SNP-array data to explore the role of early developmental sCNV
in over 12,000 SCZ cases, representing the largest study to date of somatic variants in SCZ. This study showed
not only that sCNV were enriched in SCZ compared to controls, but also revealed characteristic variants present
in SCZ cases. We observed 5 recurrent, somatic deletions that overlapped exons 1-5 of the synaptic gene NRXN1.
In addition, we found recurrent deletions of the gene ABCB11 in treatment-resistant SCZ cases, further implicating this gene in anti-psychotic response, potentially through a dominant negative mechanism.
Chapter 3 exploited deep whole-genome sequencing (267x) to explore somatic point mutation patterns of
neuronal DNA extracted from SCZ cases and controls. SCZ cases exhibited a 15% increase in genome-wide
sSNV burden compared to controls, suggesting a strong association with disease risk. This increased mutation
burden was partly driven by highly localized mutational hotspots at active TFBS during fetal development, in a
processes we referred to as skiagenesis. We observed two distinct mutational footprints as a consequence of skiagenesis in SCZ cases, characterized by T>G substitutions and CpG transversions, that potentially occurred due
to the inability of DNA repair machinery to access and repair those mutations at TFBS. These results implicate
novel genetic footprints of prenatal events in SCZ that might synergize with environmental and other genetic
disease liabilities.
These studies have revealed several common themes about the relationship of mosaic mutations in health
and disease. In the study described in Chapter 1, we saw a surprising decrease in the incidence of macro-clones
carrying somatic mutations with age. The highest rates were observed during fetal development. The depletion
of clonal somatic mutations with age suggests that highly clonal somatic variants, like those that arise during
fetal development, might be playing a role on disease, reducing the number of healthy individuals with these
large clonal mutations later in life. In the same study, we also found several variants affecting genes previously
implicated in brain tumors or cancer in general. However, the incidence of brain samples we observed with at
least one predicted pathogenic mutation prenatally was greater than 25%, which is significantly higher than the
0.024% brain and nervous system tumor incidence 164 . Consequently, we could speculate that tumor incidence
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alone cannot account for the decrease in clonal somatic mutation incidence, but potentially increasing liability
for other disorders might account for this decrease.
In contrast to actively replicating tissues studied to date 142 , pathogenic somatic variants in the brain can cause
disease not only through tumorgenic growth, but also through alteration in functional connectivity 159,157,73,44
or cell type imbalance 76 . ”Tumor-like” mutations have also been implicated as a cause of focal epilepsy in humans 230,38 , and other mutations in genes implicated in cancer have also been associated with autism and intellectual disability, suggesting that potentially other disorders might be associated with such somatic mutations.
In the studies presented in Chapter 2 and 3, we further expand this view by implicating early developmental
somatic variants to the disease phenotype of schizophrenia. In Chapter 2, we identified recurrent intragenic, somatic deletions of the synaptic gene NRXN1, particularly the alpha isoform. Deletions of this gene have been
shown to disrupt functional connectivity of neurons as well as alter neuronal maturation in human iPSC models 49 . Based on the mosaic fraction of these deletions, we could infer that the sCNVs arose during the first couple
of post-zygotic cell divisions since they were present in more than 15% of the cells 17 .
The study of Chapter 3 expanded the scope of early developmental somatic variants that can be associated
with disease later in life to those present in noncoding, regulatory regions of the genome. These findings highlight previously unsuspected limitations of the study in Chapter 1 which was restricted to assessing the genecoding regions of the genome, which makes up 1% of the genome. Consequently, in that study we were most
likely underestimating the potential deleterious effects of macro-clones carrying somatic mutations genomewide.
By analyzing deep WGS data from neurons, we were able to specifically assess the mutational patterns of
somatic variants acquired prenatally, since neurons do not expand clonally after birth 194 . We observed that
through a mutational process we called skiagensis, mosaic somatic mutations accumulated specifically at transcription factor binding sites. Some of the transcription factors with higher burden of skiagenic mutations included Sp1, Rxra, and Fos/Jun, which all have essential roles in early embryonic, craniofacial, and/or nervous
system development. This is a remarkable finding since it provides a mutational mechanism by which unspecific
epidemiological factors, that alter that fetal-maternal environment, could be channeled to affect key regulatory
regions of the genome resulting in a specific disease such as SCZ. Thus, these variants are perfectly positioned to
be highly disruptive to the transcriptional regulation that underlies normal neuron function, following the theme
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set by Chapter 1 and 2 that early developmental somatic variants can lead to disease later in life, thus decreasing
the incidence of these large clonal variants with age in the healthy population.
As alluded to in the previous paragraph, there is tremendous potential to obtain mechanistic understanding
of mutational processes that shape early developmental somatic mutational landscapes using sequencing technologies that interrogate areas of the genome beyond coding regions. However, current approaches using WGS
and somatic mutation calling algorithms are limited by the trade-off between cost and accuracy 75 . Technologies
that allow for accurate detection of mosaic variants at relatively low coverage are being developed to overcome
these challenges 1,226 . As these technologies mature, the barrier to obtain mosaic calls at single base resolution
genome-wide will be greatly reduced and open up the field to a variety of study designs to understand how these
early developmental somatic variants affect normal physiology and disease.
A future area of research based on the work described in this thesis is to characterize the factors shaping clonal
mutation patterns across different cell types. A key methodological approach for the study of oncogenic somatic
mutations in Chapter 1 was that we separated white and gray matter subregions of the brain to dissect out the
contribution of glial cells compared to neurons. Neuronal cells clonally expand mostly during prenatal development, while the main wave of glial expansion is after birth, and glia continue to proliferate at low rates throughout adulthood 194 . In the study of chapter 1, this proliferation differential was leveraged to enrich for mutations
that could be implicated in brain tumor oncogenesis, but the comparison between these cell types could be further expanded. Mosaic mutations in glia and neurons arise in two distinct cellular environments. Given their
formation prenatally, neuronal populations are mainly influenced by maternal/fetal factors, while glial cells can
also be exposed to aging or external environmental factors. In my study of clonal somatic mutations in SCZ from
WGS we observed mutational foot-prints at active TFBS of processes that could be a result of an oxidative environment during fetal development in some individuals, potentially as a result of epidemiological factors previously associated with SCZ such as maternal immune activation and maternal infection. This study highlights the
potential of studying mutational foot-prints of mosaic somatic mutations to explore how epigenomic regulation
and epidemiological factors can synergise to further understand disease biology and normal aging/development
across cell types, thus similar approaches could be expanded to glial cells as well.
While the work presented in this thesis sets a solid framework for how to approach neurological and neuropsychiatric disorders in light of clonal somatic mutation dynamics, it merely scratches the surface of the applications
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of this area of research. Other neuropsychiatric diseases, like Bipolar Disorder, share similar genetic architecture
to SCZ 25 . Thus, we would expect that approaches similar to those implemented in this thesis would likewise
yield novel insights to Bipolar Disorder.
Other neurological disorders implicating abnormal fetal development are also primed for somatic mutation
inquiry. Among these, congenital hydrocephalus is poised to be tapped for deeper evaluation. Recently, analysis
of germline de novo mutations disrupting neuro-gliogenesis has been implicated in sporadic congenital hydrocephalus, with rare, damaging germline mutations contributing up to 22% of cases 86,43 . However, a vast majority
of hydrocephalus cases remain unexplained. In this thesis we saw that early developmental variants can disrupt
the regulation and/or function of certain genes critical for brain development and function, suggesting a natural
application to sporadic congenital hydrocephalus studies, and expanding part of the missing liability.
Taken together, the potential future applications, as well as the work discussed in this thesis, demonstrate the
power of somatic mutations to enhance understanding of normal brain development and disease. The methodology of clonal somatic mutations can be adapted to the particular question at hand as illustrated across all the
studies detailed in this thesis. We were able to assess the role of clonal somatic mutations across multiple resolutions (single base to megabase scale), and sample sizes (from 10s to 10,000s), through an array of sequencing
techniques and bioinformatic algorithms. Overall, in addition to providing novel insights into brain tumorgenesis and SCZ disease liability, this thesis provides a framework for the analysis of clonal somatic variants in health
and disease across scales, opening the field for further lines of inquiry.
My thesis work shows the degree of unpredictable indeterminacy of human embryonic and fetal development.
Seemingly random mutations, not inherited from our parents, are an unavoidable part of the development of
every human brain. These somatic events have a major role in risk for many diseases, yet are not accessible to conventional clinical testing, outlining an important frontier that remains to be completely explored.
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A

Appendix

A.1 Chapter 3 appendix
The supplemental figures referred to in Chapter 3 are provided here for convenience.

A.1.1 Supplemental text
Outlier SCZ sample
We noted that there was one outlier SCZ sample with 188 mutations. We could not identify any quality metrics,
or technical or artifactual features that would explain why this one sample showed more mutations than the rest.
We did find that the VAF distribution of this sample showed a distinctive bimodal distribution (Figure A.1A)
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probably reflecting a clonal expansion event that occurred prenatally, which has been reported to occur in nondiseased brains ? , thus we retained that sample for all downstream analyses. The excess in genome-wide burden in
cases vs controls remained significant even after excluding this sample (p=7.76e-5).

Somatic copy number gain in SCZ sample
Somatic CNV (sCNV) calling of our samples revealed a somatic gain in one SCZ sample and none in the control
samples. We applied CNVpytor 199 , a method developed to specifically identify sCNVs from high coverage WGS
data on our case and control samples (see Methods). With this approach we observed one high confidence 90Kb
somatic gain mapping to chromosome 4 in a SCZ sample (Figure A.1B,C). The somatic gain had an estimated
17.4% mosaic fraction and overlapped intron 1 of the SORCS2 gene and possible exon2 (Figure A.1B,C). We
attempted to look for split reads supporting the exact breakpoints. Given our 200x coverage we expected 16
supporting reads, but were not able to identify them. However, upon closer inspection we found 2 simple repeat
regions at both ends of the estimated breakpoints, hindering mappability at the breakpoint loci, thus it is not
surprising we were not able to find supportive reads. Nevertheless, the shift in phased-allele frequency provides
strong statistical evidence of an event in this region (Figure A.1B,C). The simple repeat regions suggests that
this sCNV potentially arose through tandem duplication. Thus, we expanded the range by 10 Kb around the
estimated breakpoints to provide less stringent breakpoints (Figure 3.1B,C).
SORCS2 encodes for a subunit of the sortilin-related VPS10 domain-containing receptor proteins, which are
cell-surface proteins implicated in central nervous system development 74 . Previous GWAS and germline CNV
studies have shown that variants in the SORCS2 locus may confer risk for attention-deficit hyperactive disorder
(ADHD), and bipolar disorder 123,15,160,113 . Similarly, germline SNPs in intron 1 of SORCS2 have been associated with clinical outcomes in ADHD 5 , suggesting a potential role in neuropsychiatric disease. Our somatic
gain overlaps regions H3K27ac marks present in frontal cortex brain (Figure A.1B,C), suggesting a potential dysregulation of the expression of this gene by altering enhancer interactions. If the breakpoints actually disrupt
exon2, a frame-shift might result in an aberrant protein. SORCS2 deficient mice display behavioral changes such
as long-term memory formation impairment, increased risk taking, and ADHD-like behavior, and social memory
deficits 62,61,161,228 . However, whether somatic gains within intron 1/exon2 of the SORCS2 gene plays a role in
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SCZ requires further functional studies.
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Figure A.4: Single base substitution spectrum in schizophrenia and controls. (Left) Bar plot of single base substitution spectrum in

schizophrenia case and controls normalized to the total number of sSNV in each diagnostic category. (Right) Bar plots of the tri‐
nucleotide context distribution in schizophrenia cases and controls, normalized to the total number of sSNV in each diagnostic category.
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