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While somatic DNA copy number variations (CNVs) have been identified in multiple tissues from normal
people, they have not been well studied in brain tissues from individuals with psychiatric disorders. With
ultrahigh depth sequencing data, we developed an integrated pipeline for calling somatic deletions using
data from multiple tissues of the same individual or a single tissue type taken from multiple individuals.
Using the pipelines, we identified 106 somatic deletions in DNA from prefrontal cortex (PFC) and/or
cerebellum of two normal controls subjects and/or three individuals with schizophrenia. We then validated
somatic deletions in 18 genic and in 1 intergenic region. Somatic deletions in BOD1 and CBX3 were
reconfirmed using DNA isolated from non-pyramidal neurons and from cells in white matter using laser
capture microdissection (LCM). Our results suggest that somatic deletions may affect metabolic processes
and brain development in a region specific manner.

E
xcept for some immune cells, it is generally believed that the DNA sequence and structure is the same in all
normal cells within an individual. The adult human body goes through numerous rounds of cell division
and DNA replication to reach approximately 1014 cells. Therefore, it may be expected that a substantial

number of somatic mutations occur in tissues according to the mutation rate in the DNA replication system.
Several recent studies provide evidence for this in healthy people e.g. somatic DNA copy number variations
(CNV) occur in multiple tissues1,2, age-associated CNVs occur in blood cells3 and somatic retrotransposition
occurs in the brain4. Any somatic variations, theoretically, can be involved in developmental processes and in
generating complexity and diversity of cellular function. Such variation has been suggested as one of the mechan-
isms that may underlie the functional diversity of brain cells among normal people4,5.

A causal relation between somatic genome variation and complex diseases such as neuropsychiatric disorders
have long been of interest5. Previous studies have revealed low level mosaic aneuploidy of chromosome 1, 18 and
X in the brain of individuals with schizophrenia and a somatic mutation in AKT3 has been identified in a brain
with Hemimegalencephaly (HMG)6,7. Moreover, somatic CNVs have been identified in monozygote twins, both
concordant and discordant for Parkinson disease, and indicates that somatic variations may occur in the same
zygote8.

Numerous neuropathological abnormalities have been described in various brain regions of individuals with
schizophrenia9,10 and include a reduction in the density of a subset of GABAergic neurons11 and of perineuronal
oligodendrocytes12 in the PFC of individuals with schizophrenia as compared to unaffected controls.
Furthermore, these abnormalities have been associated with biological processes related to nervous system
development and apoptosis13. It is possible that these cell specific abnormalities are due to region specific somatic
variations that occur in DNA of specific brain cells in individuals with schizophrenia. However, somatic varia-
tions in brain cells have not been well studied due to the technical limitations. Identifying somatic CNVs that
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occur in only a subset of cells from a complex tissue with mixed cell
types is very challenging. In this study we first determined if we could
identify somatic deletions by examining whole genome sequencing
(WGS) data from two brain regions, prefrontal cortex (PFC) and
cerebellum, from one individual with schizophrenia using blood as
a reference tissue. By laser capture microdissection we determined
which cell type in the brain harbored the somatic deletions. In the
second phase of the study we identified and replicated somatic dele-
tions in the PFC from two unaffected controls and two additional
individuals with schizophrenia. To reliably call somatic deletions we
sequenced the whole genomes at ultrahigh depth and then applied
stringent filters for the variant using several different algorithms,
including read depth based analysis14, paired end mapping15, and
breakpoint mapping16. All these methods have been used successfully
for CNV calling in WGS data.

Results
Identifying germline CNVs using sequencing data from three
tissues of an individual with schizophrenia. In the discovery
phase, we sequenced the whole genome from two brain areas and
blood of a female patient with schizophrenia at ultrahigh depth (Case
A9; Supplementary Table S1). The depth of coverage of WGS reads
were 743, 853 and 673 for PFC, cerebellum and blood respectively.
The read depth of blood DNA was lower because the data was used as
a reference for filtering out germline deletions within PFC or cere-
bellum. Germline CNVs were called using read depth analysis14 and
paired end mapping15 (Supplementary Fig. S1). We identified 343
germline duplications, including 6 novel duplications that do not
overlap with more than 50% of the genome locus of previously
reported CNV regions in the Database of Genomic Variants
(DGV, http://projects.tcag.ca/variation/)17. We also identified 405
germline deletions, including 14 novel deletions. We attempted to
validate 4 germline deletions and the breakpoints of the deletions
that disrupted the 4 known annotated genes; protein phosphatase 2,
regulatory subunit B, gamma (PPP2R2C), anillin, actin binding
protein (ANLN), MYC associate factor X (MAX), and type 1
insulin-like growth factor receptor (IGF1R) using PCR amplifica-
tion and Sanger sequencing. The four germline deletions were
verified in all three tissues. The read depth analysis showed a
homozygote deletion in ANLN and heterozygote deletions in
MAX, PPP2R2C and IGF1R (Supplementary Fig. S2). None of the
germline CNVs from this schizophrenia case overlapped with
previously identified CNV regions associated with schizophrenia18–25.

Exploratory calling of somatic CNVs using read depth based mapp-
ing. Tissue specific CNVs were previously detected by quantitatively
comparing genomic DNA in various normal tissues1,2. Therefore, we
called somatic CNV candidates specific to brain tissues, PFC and
cerebellum, in the schizophrenia case A9, using a read depth based
mapping method. Eleven somatic duplication candidates specific to
PFC and 10 specific to cerebellum were called. Sixty-three somatic
deletion candidates specific to cerebellum were also called. We
attempted to validate a total of 6 brain specific CNVs using
quantitative (q) PCR (Supplementary Fig. S3). Five candidates were
unable to be validated. The amount of DNA detected for the two
somatic duplications specific to PFC were changed in the opposite
direction to that expected for a duplication (Supplementary Fig. S3a).
While the amount of DNA detected for three of the cerebellum
specific somatic CNV candidates was changed in the appropriate
direction there was no quantitative difference in the amount of
DNA between the PFC and the cerebellum (Supplementary Fig.
S3b, c), and thus they could not be validated as cerebellum specific.
One cerebellum specific somatic deletion candidate in the C3P1 gene
was validated using qPCR. However, we were unable to map the
breakpoint and confirm it as a cerebellum specific deletion. Thus,
the validation results suggest that the somatic CNV calling process

based on read depth mapping alone called many false positives and
required that we develop a more rigorous integrated somatic deletion
calling pipeline. Moreover, the subtle changes in the amount of DNA
which contain somatic CNV candidate regions indicates that a
majority of somatic CNVs may occur only in a small fraction of
cells within the brain regions.

Discovery of somatic deletions specific to brain tissues using an
integrated somatic deletion calling pipeline. Genomic variations
can be called more reliably by using an integrated pipeline of multiple
variant calling algorithms than a method using a single algorithm in
WGS data26,27. Thus, we developed an integrated somatic DNA
deletion calling pipeline for multiple tissue sequencing data from
the same individual (Fig. 1). While this works well for calling
somatic deletions, we were unable to call somatic duplications
because the current algorithms cannot reliably distinguish somatic
duplications which occur in only a fraction of the cells in a tissue. We
called 7 somatic deletions specific to PFC, 3 specific to cerebellum
and 10 common to both PFC and cerebellum in case A9 using the
pipeline (Supplementary Table S2). We also called 12 somatic
deletions in blood DNA (Supplementary Table S3). We then
validated 1 PFC specific deletion and 3 somatic deletions with
different breakpoints in the PFC and cerebellum (Table 1,
Supplementary Table S4). The 500 bp somatic deletion which
disrupts the protein kinase interferon-inducible double stranded
RNA dependent activator (PRKRA) gene and MIR548N occurred
only in DNA from PFC and not in DNA from cerebellum or blood
of this case A9 (Table 1). We found different sized somatic deletions
in the coding regions of two genes; biorientation of chromosomes in
cell division 1 (BOD1) and chromobox homolog 3 (CBX3) that
occurred in DNA from PFC and cerebellum (Table 1). Unlike the
germline deletions, the read depth analysis indicated that these
deletions appear to occur in only a fraction of cells in the brain
(Supplementary Fig. S4) as may be expected. We used whole
genome amplified DNA for our validation as limited amounts of
DNA were available from the same batch of extractions. To
determine if the whole genome amplification could cause a
difference in the validation results or not, we conducted PCR
amplification with breakpoint specific primers using unamplified
chromosomal DNA as a template (Fig. 2, Supplementary Fig. S5).
Amplifying the specific DNA fragment in PFC only, reconfirmed the
PFC specific deletion as well as proved there is no difference between
results when using amplified or unamplified chromosomal DNA for
validation (Fig. 2, Supplementary Fig. S5).

Validation of somatic deletions using DNA from cells isolated by
laser capture microdissection. We then revalidated the somatic
deletions in the BOD1 gene using an independent method
(Fig. 3a). A 908 bp and a 1303 bp somatic deletion were validated
in the BOD1 gene in the DNA from cerebellum and PFC respectively
(Fig. 3b–d, Supplementary Fig. S6). PCR validation was then
performed using DNA from cells isolated by laser capture
microdissection (LCM) to reconfirm the PFC specific deletions
and to determine what types of brain cells may harbor the somatic
deletions. Ten cells from each type; pyramidal neuron, non-
pyramidal neuron or white matter cells, were collected per cap
from PFC sections (Fig. 3e). DNA was extracted from 10 caps per
cell type. A 1577 bp wild-type DNA fragment from the BOD1 gene
was amplified in DNA from 5 pyramidal neuron caps, from 1 non-
pyramidal neuron cap and from 6 white matter cell caps by PCR with
primers localized to the BOD1 somatic deletion region. The wild-
type DNA fragment was not amplified in DNA from 11 caps out of 30
caps, indicating the overall locus dropout rate of the chromosomal
region is approximately 60% during this process. Somatic deletions
in BOD1 were reconfirmed in DNA from non-pyramidal cells and
from white matter cells (Fig. 3f–h, Table 1, Supplementary Fig. S6).
The 1303 bp somatic deletion found in BOD1 in DNA from white
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matter cells (Fig. 3h, Supplementary Fig. S6) has identical
breakpoints to those found in our previously validated deletion
using DNA from PFC (Fig. 3d). Moreover, we identified a novel
1451 bp somatic deletion in the same region in DNA from non-
pyramidal cells (Fig. 3f, and g, Supplementary Fig. S6). We did not
validate the somatic deletion in pyramidal cells. We also revalidated a
somatic deletion in CBX3 in DNA from white matter cells of the PFC
(Table 1).

Further identification of somatic deletions in brain from addi-
tional schizophrenia cases and unaffected controls. To determine
if our somatic deletion findings in PFC were specific to individuals
with schizophrenia or common to PFC in general we completed
whole genome sequencing of PFC DNA from two additional
schizophrenia cases and two unaffected controls (Supplementary
Table S1). We called 640 and 646 germline deletions and 909 and
804 germline duplications in PFC of the two individuals with
schizophrenia, respectively (Supplementary Fig. S7). Similarly we

called 688 and 673 germline deletions and 818 and 823 germline
duplications in PFC of the two unaffected controls respectively
(Supplementary Fig. S7). While the germline CNVs have a global
effect on many biological processes (Supplementary Fig. S8), there
was no overlap between the germline CNVs from these schizophrenia
cases and the previously identified rare CNVs associated with
schizophrenia18–25. We then modified the integrated somatic
deletion calling pipeline that we used for multiple tissue sequencing
data from the same individual, to call somatic DNA deletions in data
from single tissue sequencing without reference data (Fig. 1). To
examine the performance and detection power of the pipeline, we
attempted to call somatic DNA deletions using only PFC sequencing
data from the case A9. A total of 16 somatic deletions candidates were
detected - including 10 candidates that were specific to PFC or
common to PFC and cerebellum that were called when we used the
pipeline for multiple tissue data (Supplementary Table S5).
Furthermore, one newly called candidate in MRPL42 was success-
fully validated (Table 1). These results suggest that the somatic

Figure 1 | Procedures for calling somatic deletions in whole genome sequencing data from multiple tissues from one individual or from a single tissue
from multiple individuals. * All deletion candidates and selected candidates (read count #6) used for downstream filtering in sequencing data from

multiple tissues and single tissue respectively.
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deletion calling pipeline for single tissue data is as robust as the
pipeline for multiple tissue data.

Using the pipeline for single tissue data, we then identified 29, 18,
15 and 18 somatic deletion candidates in the PFC of the two un-
affected controls and the two schizophrenia cases respectively
(Fig. 4a, Supplementary Table S6). Approximately 50% of the so-
matic deletions disrupted genes while the remaining deletions
were localized in genic regions (Fig. 4a). There was no significant

difference in the number of somatic deletions between the schizo-
phrenia cases and unaffected controls. We successfully confirmed 8
somatic deletions; one intergenic deletion and 7 deletions that dis-
rupted genes, including BCL2 associated transcription factor 1
(BCLAF1), thymine-DNA glycosylase (TDG), and succinate-CoA
ligase, GDP forming, beta subunit (SUCLG2) (FDR 5 0.1) (Table 1
and Fig. 5, Supplementary Fig. S9). Moreover, somatic deletions in
two genes, CBX3 and PRKRA, which were validated in the initial

Table 1 | Validated somatic deletions in brain DNA in this study

ID Gender Diagnosis Chr Start1 Size (bp) Tissue/Cell Gene DGV2

First phase
A9 F SCHZ chr2 179023695 500 PFC MIR548N,PRKRA Yes
A9 F SCHZ chr5 172968128 909 Cere. BOD1 Yes
A9 F SCHZ chr5 172967733 1304 PFC, WM BOD1 Yes
A9 F SCHZ chr5 172967657 1452 nPy BOD1 Yes
A9 F SCHZ chr7 26214778 3290 PFC CBX3
A9 F SCHZ chr7 26214573 3123 Cere. CBX3
A9 F SCHZ chr7 26215028 3375 WM CBX3
Second phase
A9 F SCHZ chr12 92418935 677 PFC,Cere MRPL42 Yes
C13 M Unaffected chr6 136641704 1109 PFC BCLAF1 Yes
C13 M Unaffected chr6 136641528 1172 PFC BCLAF1 Yes
C21 M Unaffected chr15 39652066 655 PFC TYRO3
C21 M Unaffected chr15 39651787 713 Cere. TYRO3
C21 M Unaffected chr7 26214777 3521 PFC CBX3
C21 M Unaffected chr12 102902623 816 PFC TDG Yes
C21 M Unaffected chr12 102902643 825 Cere. TDG Yes
C16 M SCHZ chr2 179023617 466 PFC MIR548N,PRKRA Yes
C16 M SCHZ Chr7 6986621 5604 PFC, Cere Intergenic Yes
C17 M SCHZ chr3 67576393 3104 PFC SUCLG2 Yes
C17 M SCHZ chr12 102903254 2327 PFC, Cere TDG Yes

Chromosomal annotation (hg18); PFC; Prefrontal cortex, Cere; Cerebellum, WM; cells in white matter isolated by LCM, nPy; non-pyramidal neurons isolated by LCM.
1Validated deletions from candidates that were called using the integrated pipeline are bold. Additionally confirmed somatic deletions with different breakpoints from different tissue or cells are not bold.
2Somatic deletions that reciprocally overlap with more than 50% of the genome locus of previously reported CNV regions in the Database of Genomic Variants (DGV, http://projects.tcag.ca/variation/,
July 23, 2013 version) are represented with ‘‘Yes’’ in the DGV column.

Figure 2 | Validation of somatic deletions in brain DNA of an individual with schizophrenia. (a), PFC specific deletion in PRKRA and annotated genes

were visualized using the UCSC genome browser. (b), 844 bp DNA fragment was amplified by nested PCR using amplified DNA from PFC as template.

(c), The 1309 bp DNA fragment was amplified by first round PCR with nested primers using unamplified DNA from all three tissues as templates (top).

The 299 bp somatic deletion specific DNA fragment was amplified with breakpoint specific primers using unamplified DNA from PFC only as template

(bottom). (d). Validation of breakpoints in PFC DNA by Sanger sequencing of 845 bp DNA fragment amplified by nested PCR amplification. NC: no

template control, PFC: prefrontal cortex, Cere: cerebellum. Gel images are cropped to highlight relevant bands and images of original full gels are

presented in Supplementary Figure S5.
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schizophrenia case A9, were also confirmed in an unaffected indi-
vidual (CBX3) and in an additional schizophrenia case (PRKRA).
This suggests that chromosomal regions in these genes may be hot
spots for somatic deletions in brain DNA.

Simulation to validate methodology. To determine the false
positive rate and the false negative rate of our integrated deletion
calling pipelines, we generated simulated whole genome sequencing
data of chromosome 1 from a single tissue that included 100 germline
deletions and 100 somatic deletions. The size range of both types of
deletions was from 500 bp to 10 kb. The simulated occurrence of
somatic deletions was set to 10% of a total cell population of the
tissue. Using our integrated pipelines, we detected 96 (96%) of
the germline deletions and 78 (78%) of the somatic deletions

(Supplementary Fig. S10). There were no false positives in either
calling method.

The distribution of the number of supporting read pairs for both
the germline and somatic deletions were clearly separated at the
threshold (supporting number of read pairs n 5 6, see methods) that
we set in the pipeline (Supplementary Fig. S11). A germline deletion
was called by 2 read pairs (Supplementary Fig. S11). The read depth
of the genome of the germline deletion declined approximately 50%,
indicating heterogyzote deletion (Supplementary Fig. S12). Con-
versely, somatic deletions which were called by 2 read pairs did not
show a clear decline in read depth (Supplementary Fig. S12).
Moreover, the distribution of the number of supporting reads for
germline and somatic deletions in Pindel calls were well separated at
the threshold that we set (Supplementary Fig. S13). Most germline

Figure 3 | Revalidation of a somatic deletion in PFC of an individual with schizophrenia using cells isolated by laser capture microdissection. (a), PFC

specific deletions in BOD1 and annotated coding regions were visualized using the UCSC genome browser. (b), 275 bp and 685 bp DNA fragment were

amplified by nested PCR using DNA from PFC and cerebellum as templates respectively. (c), Validation of breakpoints of somatic deletion in cerebellum

DNA (685 bp fragment) by Sanger sequencing. (d). Validation of breakpoints of somatic deletion in PFC DNA (275 bp fragment) by Sanger sequencing

(e). Microscopic images showing a pyramidal neuron, a non-pyramidal cell and a cell in white matter in PFC after firing laser. (f). 143 bp and 275 bp DNA

fragment were amplified by nested PCR using DNA from non-pyramidal cells and cells in white matter as templates respectively. (g), Validation of

breakpoints of somatic deletion in non-pyramidal cells (143 bp fragment) by Sanger sequencing. (h), Validation of breakpoints of somatic deletion in

cells in white matter (275 bp fragment) by Sanger sequencing. NC: no template control, PFC: prefrontal cortex, Cere: cerebellum, BP: break point, Ins:

insertion, non-Py; non-pyramidal cells, WM; cells in white matter. Gel images are cropped to highlight relevant bands (images of entire original gels are

presented in Supplementary Figure S6).
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deletions were called by more than 9 supporting reads but none of the
somatic deletions were called by that criterion (Supplementary Fig.
S13). Our simulation results indicate that the integrated pipelines can
robustly detect germline deletions as well as somatic deletions using
whole genome sequencing data from a single tissue.

Functional annotation of genes disrupted by the germline CNVs
and the somatic deletions in PFC. To explore the possible effect that
somatic deletions may have on brain function we performed a
functional annotation analysis of all the genes that we found
disrupted by somatic deletions in the two unaffected controls and
the two schizophrenia cases. Metabolic process, cell communication,
developmental process, immune response and cell cycle were the
functions primarily affected by the somatic deletions in the PFC
(Fig. 4b). This indicates that somatic deletions may affect brain
functions, such as metabolism and immune response, in a region
specific manner and may also contribute to the functional diversity
of specific subtypes of brain cells in an individual.

We further analyzed the biological processes that were signifi-
cantly associated with somatic deletions in schizophrenia and con-
trols independantly. While there was no biological process
significantly over-represented in the genes disrupted by somatic
deletions in the PFC of unaffected controls, a total of 7 biological

processes were significantly over-represented by the genes in the two
schizophrenia cases (FDR , 0.05, Supplementary Table S7).
However, the genes related to the processes were linked on chro-
mosome 11 and were disrupted by one large deletion, which indicates
possible bias in the result. A larger sample size will be necessary for
future studies to reliably identify biological processes associated with
somatic deletions in schizophrenia.

Discussion
Somatic mutations may contribute to neuronal diversity in the nor-
mal population and may also pose a risk factor for neuropsychiatric
diseases28,29. Previous studies have detected somatic CNVs in mul-
tiple human tissues, including brain, by comparing the quantitative
amount of DNA between two tissues from the same individual1,2. The
recent implementation of massively parallel sequencing techniques
with chip-based enrichment4, stem cell techniques30 and whole gen-
ome amplification of single cells31 have provided further evidence for
somatic variation in human tissues. Previous studies of individuals
with HMG identified somatic mutations in 8–40% of sequenced
alleles within the affected brain regions6,7. Because the somatic muta-
tion alleles are present in only 8–40% of the sequenced alleles, even in
the diseased brain regions of individuals with HMG, the somatic
variations are very likely to occur in only a small fraction of brain
cells in people with schizophrenia and unaffected controls1,2. A
recent somatic CNV study also shows that large somatic CNVs
occurred in 13 to 41% of neurons in post-mortem frontal cortex
neurons32. In this study, we focused on somatic DNA deletions which
are also likely to occur in a small fraction of brain cells (less than
25%). We developed an integrated pipeline for calling somatic dele-
tions using ultrahigh depth sequencing data from multiple tissues
from a single individual or from a single tissue type from multiple
individuals. The advantage of our pipeline is that somatic deletions
are efficiently called using WGS data of tissue by increasing read
depth and without introducing additional confounds such as indu-
cing stem cells, using chip-based enrichment or single cell isolation.
Moreover, our somatic deletion calling pipeline for single tissue
sequencing data can detect somatic DNA deletions without any ref-
erence sequencing data. In our validation experiment, we obtained
robust results using the somatic calling pipeline (FDR 5 0.1,
Supplementary Table S4). Moreover, our simulation results showed
that the integrated pipelines called somatic deletions at high sens-
itivity (78%) without any false positives. This indicates that the inte-
grated somatic calling method can be used to detect somatic deletions
using WGS data from various tissues without any reference sequen-
cing data derived from the same individual.

Identifying somatic CNVs that occur in only a subset of cells from
a complex tissue with mixed cell types is technically challenging.
Therefore, robust validation experiments are essential for discovery
of somatic CNVs. Non-random DNA sample degradation can lead to
false positive CNVs in quantitative PCR33. This may be particularly
problematic in the quantitative comparison of target DNA and ref-
erence DNA from human post-mortem tissue that is often stored in
the freezer for extended periods of time. Thus, we validated a total of
19 somatic deletion candidates by direct sequencing of the break-
points. Furthermore, since deletion breakpoints are not generated
during the in vitro DNA amplification process, the method can be
applied to amplified chromosomal DNA.

The PFC develops from the prosencephalon, while the cerebellum
is derived from the metencephalon34. The PFC specific deletion in
PRKRA (A9, C16), CBX3 (C21) and SUCLG2 (C17) and the different
sized deletions in BOD1 (A9), CBX3 (A9), BCLAF1 (C13), TDG
(C21) and TYRO (C21) in PFC and cerebellum suggest that these
brain region specific somatic deletions may occur independently
during or after the developmental stage when the three primary brain
vesicles subdivide. Among 10 somatic deletions common to both
PFC and cerebellum in case A9 identified in the discovery phase, 9

Figure 4 | Total number of somatic deletions in PFC of two unaffected
controls and two schizophrenia cases and the biological processes
associated with somatic deletions in the schizophrenia and unaffected
controls. (a), Number of somatic deletions in genic and intergenic

chromosomal regions in PFC. (B), Biological processes related to genes

disrupted by somatic DNA deletion candidates in the PFC. Classification

of the Gene Ontology biological processes was done by using Panther

software42.
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somatic deletions showed different breakpoints between the two
brain regions (Supplementary Table S2). One somatic deletion com-
mon to both brain regions in the BOD1 gene was originally called as a
cerebellum specific somatic deletion but additional somatic deletions
in PFC were confirmed during the validation experiment (Fig. 3a).
Two somatic deletions with the same break points in PFC and cere-
bellum were also validated, which indicates that some minor somatic
deletions may occur in a very early developmental stage. The vali-
dated somatic deletions may be generated by nonhomologous end
joining (NHEJ)35,36 which suggests that somatic deletions in brain
cells may be formed by the same mechanism as germline deletions.
Thirteen somatic deletions out of a total of 19 somatic deletions
which were validated in this study reciprocally overlap with more
than 50% of the genome locus of deletions previously reported in the
Database of Genomic Variants. This raised the possibility that some
somatic deletions likely occur in hotspot regions where germline
deletions also occurred in the general population. However, based
on our findings in both the first discovery phase as well as the second
phase, there is a low probability that somatic deletions and germline
deletions in the general population will share the exact same break-
points. Our second phase showed that even when comparing the
breakpoints of two tissues from the same individual, they often did
not share identical CNVs. The somatic deletions that we identified
here are unlikely to be caused by the confounding effects of variables
such as medications or substance abuse because similar numbers of
deletions were found in both the unaffected controls and the schizo-
phrenia cases.

Somatic deletions in BOD1 and CBX3 occurred in non-pyramidal
cells and/or cells in white matter but did not occur in pyramidal
neurons of the PFC of the schizophrenia case (A9). These results
are generally consistent with previous studies regarding somatic
variation in the PFC4,31 that found numerous widespread somatic
LINE-1 retrotransposons in the DNA from frontal tissues4, but such
retrotransposons could not be detected in the DNA from isolated
pyramidal neurons in the same brain region31. Thus, the interneur-
ons and glial cells, in both gray and white matter, may be more

vulnerable to somatic deletions than pyramidal neurons in the
PFC of the schizophrenia cases. Deficits of GABAergic interneurons
and oligodendrocytes have been widely reported in previous neuro-
pathology studies in PFC of schizophrenia11,12,37,38. In addition, there
is an increase in the density of interstitial white matter neurons
(IWMN), which are aberrantly located immature neurons, in the
PFC of schizophrenia cases39,40. Our results suggest that somatic
variations in the DNA of specific brain cells such as GABAergic
interneurons, oligodendrocytes or IWMN could be a novel mech-
anism to explain some of the pathological abnormalities found in the
PFC of schizophrenia cases.

In this study, we identified 106 somatic deletions in DNA from two
brain regions, the prefrontal cortex and cerebellum, of two normal
controls subjects and three individuals with schizophrenia using an
integrated calling pipeline. We then extensively validated somatic
deletions in 18 genic and in 1 intergenic region. Our results suggest
that somatic deletions may contribute to cellular diversity in both
normal and schizophrenia affected brains, and may consequently
affect metabolic processes and brain development in a region specific
manner. The three individuals with schizophrenia, whom we
sequenced here, did not carry any germline CNVs previously iden-
tified as significantly associated with the disease18–25. Therefore, our
results may provide an alternative hypothesis for the patho-
physiology of the schizophrenia cases which cannot currently be
explained by rare structural variants.

Methods
Brain DNA samples. For the discovery phase, a female case was selected from the
Stanley Medical Research Institute (SMRI) Array Collection (AC). The case was
diagnosed with schizophrenia, had psychotic symptoms and died from suicide. DNA
was extracted from prefrontal cortex (PFC), cerebellum and blood from this case. For
the second phase, two individuals with schizophrenia and two unaffected controls
were selected from the SMRI Neuropathology Consortium (SNC). DNA was
extracted from the PFC of these cases. Demographic and clinical information of each
sample are listed in Supplementary Table S1. A detailed description of the selection
process, clinical information, diagnoses of patients, and processing of tissues has been
described previously41. Genomic DNA was extracted from PFC, cerebellum and
blood with the Wizard Genomic DNA Purification Kit (Promega) and was further

Figure 5 | Validation of somatic deletions in PFC of two individuals with schizophrenia and two unaffected controls. PFC specific somatic deletions in

BCLAF1, CBX3, PRKRA, SUCLG2 were confirmed by PCR validation. Two independent somatic deletions in PFC and cerebellum were validated in TDG

and TYRO3. *The deletions with the same break points in TDG and intergenic region were validated in PFC and cerebellum. However, the deletions were

considered somatic deletions because the read depth analysis indicated there was no clear decline in depth of coverage and deleted fragments were not

amplified in our first PCR. Neg: no template control, PFC: prefrontal cortex, Cere: cerebellum. Gel images are cropped to highlight relevant bands

(images of entire original gels are presented in Supplementary Figure S9).
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cleaned with the QIAamp DNA kit (Qiagen). The purity and concentration of
chromosomal DNA were determined by Nano Drop (NanoDrop Technologies). The
DNA concentrations were re-quantified with Quanti-iT Pico Green dsDNA assay
(Invitrogen).

Whole genome sequencing and paired-end read alignment. Genomic DNA was
sequenced using a combination of Illumina GAIIx and HiSeq2000 instruments
following the manufacturer’s standard protocols. The detailed whole genome
sequencing and paired-end read alignment are described in the Supplementary
Methods.

Calling germline copy number variations and somatic deletions. Germline CNVs
were called using read depth analysis14 and paired end mapping15 as outlined in
Supplementary Fig. S1. We called a germline deletion if a deletion was detected using
BreakDancer15 (paired end mapping) and CNVnator14 (read depth analysis). On the
other hand, somatic deletions in brain DNA were called using an integrated method
that included paired end mapping, split reads and read depth analysis. We initially
called somatic deletion candidates if a deletion was detected in Breakdancer15 and
then we filtered out possible false positive candidates using Pindel16 and CNVnator14.
The Blat and size filter methods were also included in the somatic deletion calling
pipeline to reduce false positive findings as outlined in Fig. 1. Aberrant deletion
candidates were removed by Blat and size filtering (,400 bp). This method was
applied to call somatic deletions in sequencing data from multiple tissues from one
individual and a single tissue from multiple individuals (Fig. 1). The mean insert sizes,
the standard deviation of the insert sizes and the minimal size of detectable deletions
in individual libraries were calculated using Breakdancer15 (Supplementary Table S8).
The detailed germline CNV and somatic deletion calling methods are described in the
Supplementary Methods.

Validating somatic CNVs by quantitative PCR using SYBR green dye. Primer sets
were designed to selectively amplify our CNV candidate regions: FLG2, ZNF438,
NKX2-2, C3P1, LOC348120, and SLC4A2. Real-time PCR was carried out on 3 DNA
samples each originating from the same individual but differing in the area of its
extraction: Blood, Cerebellum, and Prefrontal Cortex. RNAase P (RPP14) gene was
used for internal control locus. The calculated DDCt values for the blood DNA were
used as a reference in determining any copy number variability in the candidate
regions of either the cerebellum or PFC. 5 ng template DNA was used for qPCR with
SYBR Select Master Mix (ABI). Each sample was run 4 times in 20 mL qPCR reactions
(SYBR Select 23, 12 pmol, 5 ng DNA) and loaded onto a 384 well plate. Fluorescence
detection and qPCR were carried out in an ABI Prism 7900HT Sequence Detection
System (ABI) and Ct values calculated with the machines corresponding software
(SDS v2.2).

Deletion calling validation with simulated data. In order to validate our deletion
calling pipelines, we simulated deletions in diploid genomes using human
chromosome 1 (hg18) as a template. We randomly generated 100 germline and 100
somatic deletions with a size range of 500-bp to 10-kb, excluding the gap regions, for
the answer set. All generated deletions were assumed as heterozygous deletions. Two
genomes were constructed using the generated deletions: the first carried the germline
deletions only and the second carried both the germline and somatic deletions. The
overall processes to simulate genomes were implemented by Python.

Since our simulation was designed to determine our ability to call somatic deletions
accurately which occur in only a fraction of the cells in tissue, we set the relative
abundance of the genome carrying both germline and somatic deletions to 10% with
that of the germline only deletions by using the metagenomic mode of GenSim41. We
then generated sequencing data of the mixed sample. GemSim42 was used to generate
paired-end reads of the mixed sample to match the conditions of the sequencing data
obtained during our experiment. Read length was set to 101-bp, and fragment size was
set to 500-bp with a standard deviation of 20-bp. The average depth of coverage was
set to 703, as was the average depth of the experimental data. The Generated reads
were used as input in our method pipeline.

Validating breakpoints of germline and somatic deletions by PCR and Sanger
sequencing. Deletion breakpoints were confirmed by PCR amplification and Sanger
sequencing. PCR primers are listed in Supplementary Table S9 and the detailed
methods are described in the Supplementary Methods.

Laser capture microdissection. Sections of PFC were cut at 8 mm thick onto Arcturus
HistoGene Slides at 220uC for LCM on a Leica CM 1950 Cryostat after being
embedded in M1 Embedding Matrix (Thermo Scientific). Staining of the slides was
done with the Arcturus HistoGene Frozen Section Staining Kit (Life Technologies)
using the manufacturer protocol. Laser Capture Microdissection was performed on
an Arcturus PixCell IIe with CapSure HS LCM caps. Capturing was done at 203

optics using a 15 mm spot size. The target parameter was set to 0.200 V with a power
of 35 mW and a duration of 0.7 ms. Ten cells of a specific type were captured per cap
followed by lysis directly on the cap. Whole genome amplification was performed
using a user-developed protocol of the Repli-g Mini Kit (Qiagen) with a 16 hour
amplification time. DNA clean up was done using the QIAmp DNA Micro Kit
(Qiagen) and quantified using Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies). Deletion validation PCR was done using 100 ng template material.

Functional annotation. Panther software was used for classification of the Gene
Ontology biological processes of genes that were disrupted by somatic deletions in the
PFC of the two schizophrenia cases and two unaffected controls43. DAVID was used
to identify the biological processes that were significantly over-represented by the
genes in the two schizophrenia cases and two unaffected controls respectively44. False
discovery rates less than 0.05 were considered significant.

Equipment and settings. Laser Capture Microdissection was done with an Arcturus
PixCell IIe. Target parameters were set to 0.200 V with a 0.7 ms duration at 35 mW
power. Images were captured using the LCM’s built in CCD camera (Hitachi K.P-
D590-V1) and processed using Arcturus’ LCM control software (version 2.0). DNA
agarose gel pictures were taken using an 8-megapixel digital camera. Color images
were then converted to greyscale using Adobe Photoshop software.

Ethical considerations. Ethical approval for the Stanley Brain Collection was
obtained through the Uniformed Services University of the Health Sciences,
Bethesda, MD who determined that IRB approval was not needed (during the
collection period of 1998–2004) because the human subjects were deceased and all
work was being done on de-identified specimens that were simply numbered.
Consent to donate the specimens was obtained from next-of-kin and witnessed by
two people who signed a form verifying the fact.
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