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ensure that any candidate somatic mutations are
not germline variants that were missed in the
matched control. In general, variant callers ini-
tially developed to detect mutations in cancer
offer higher sensitivity for detecting mosaic
SNVs when compared with standard approaches
used to detect germline variants (85, 86).

Somatic CNVs can be detected by identify-
ing deviations either from the expected depth
of sequence or in the expected distances be-
tween paired-end sequencing reads. Similarly,
inversions can be identified through differences
in the orientations of paired-end sequencing reads.
Numerous approaches have been developed to
identify CNVs from WGS (7, 87-89), and most can
be applied directly to identify somatic mutations.
For example, recent studies using WGA in con-
junction with WGS have identified megabase-scale
de novo CNVs in human and mouse neurons
based on differences in read-depth across genomic
bins (6-9). CNVs are more difficult to identify
using WES due to the biases encountered during
the capture of target exons (90).

Somatic MEIs can be detected from bulk tis-
sue, PCR amplicons generated from sorted-cell
fractions, or single-cell WGA DNA using split-read
and paired-end information (e.g., one paired-end
read may map to the reference genome, whereas
another may map to a MEI) (91, 92). Detecting
low-frequency MEIs with fewer supporting reads
requires careful bioinformatic analyses that can
distinguish signal from noise, followed by ex-
perimental validation with orthogonal methods
(14, 93). The analysis of single-cell data remains
challenging due to the presence of chimeras gen-
erated during WGA (14, 16, 94); thus, care must
be taken in calling MEIs.

Validation of somatic mutations

It is essential to validate all candidate somatic
mutations. False-positive calls can arise from DNA
sequencing errors, contamination with germline
variants, chimeric molecules generated during
single-cell WGA, PCR-induced nucleotide sub-
stitutions, and the failure to amplify certain ge-
nomic regions. False-negative calls are dependent
on the allele frequency of the somatic mutation
within the sample, the type of mutation, and the
method of detection. Orthologous experimental
methods are required to eliminate false-positives
and to calibrate the confidence of detection for
different types of somatic mutations. Validation
experiments can then be performed on either the
tissue of origin or amplified material used to dis-
cover the variant. The first approach represents a
biological validation, which establishes the pres-
ence of a variant call in unamplified DNA from
the source sample. The second approach repre-
sents a technical validation, which establishes
the presence/absence of variant calls in the DNA
source material used for discovery.

Biological/primary validation in the
tissue of origin

Validation on unamplified DNA from the tissue
of origin provides confirmation that a candidate
call is a genuine somatic variant and rules out
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Fig. 3. A potential strategy to determine functional consequences of mosaic variants. In utero
electroporation (IUE) transfects a subpopulation of cortical neurons within a local area and will be
combined with genome editing to generate mosaic mouse models for functional analysis. For example, a
red fluorescent construct (CAG-TdTom) is shown labeling a transfected subset of neurons, shown in the

context of a coronal brain section in which nuclei are stained blue with 4

(DAPI). Scale bar, 500 mrm.

the possibility that it corresponds to a DNA am-
plification artifact or a mutation that occurred
during clonal expansion. Biological validation re-
quires a variant to be present in multiple cells in
the tissue of origin at a frequency above experi-
mental detection limits. As such, the failure to
validate a variant in the tissue of origin does not
necessarily represent a false call. For example,
only ~50% of CNVs manifested in hiPSC clones
could be directly confirmed in the primary fibro-
blast cells used to derive hiPSCs (80).

Somatic variants can be confirmed in unam-
plified cell source material by (i) targeted DNA
capture followed by high-coverage (>100x) DNA
resequencing, (ii) high-coverage sequencing of
multiplexed PCR amplicons, and (iii) droplet dig-
ital PCR (ddPCR). These approaches vary in
throughput and sensitivity. Targeted DNA cap-
ture and resequencing can require the creation
of several thousand custom oligonucleotides de-
signed to capture the genomic DNA either includ-
ing or surrounding the putative variants. The
captured DNA then is subjected to high-coverage
paired-end DNA sequencing, yielding a typical
sensitivity of variant detection in greater than
1% of cells. Amplicon sequencing involves PCR
amplification of candidate loci followed by high-
coverage paired-end DNA sequencing, yielding
a typical sensitivity of variant detection in greater
than 0.1% of cells. Finally, ddPCR involves par-
titioning a DNA sample into large numbers of
individual droplets that generally contain one
copy of template DNA. PCR takes place within
these droplets, leading to the production of a
fluorescent readout, either through the use of an
intercalating dye or a fluorescent oligomer probe,
to indicate the presence or absence of the PCR
target of interest. Subsequent quantification of
the fluorescent droplets allows a determination
of the number of copies of the target locus present
in the sample, yielding a typical sensitivity of
variant detection in greater than 0.001% of cells
(95). Although extremely sensitive, ddPCR requires
the optimization of primers, probes, and am-
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plification conditions, which is time-consuming
and limits throughput.

The goal when employing biological valida-
tion procedures is to detect putative somatic
variants and to assess, as precisely as possible,
the frequency of each variant in that tissue of
origin. Biological validation can (i) determine
whether certain individuals in the population
are more prone to somatic variation than others,
(ii) investigate whether different areas of the brain
and/or specific brain cell types have varying
amounts and types of particular forms of somatic
variation, (iii) assess whether developmental
timing contributes to somatic variation, and (iv)
reveal whether somatic variations increase as a
function of the number of cell divisions and/or
a function of age in postmitotic neurons.

Technical validation on
source/amplified material

If a somatic variant is only present in a single cell,
it will be impossible to validate in bulk tissue.
Likewise, a variant present in very few cells may
be difficult to validate in the tissue of origin. Thus,
technical validation in the source DNA used to dis-
cover a putative variant can be used to determine
whether a call is true or false. Technical validation
typically employs PCR, qPCR, and Sanger sequenc-
ing of the locus in the DNA source material (e.g.,
‘WGA DNA or DNA from a clonal cell population).
Multiple true/false verdicts form the basis for
estimating false-discovery and false-negative rates
in the resultant call sets.

Present understanding of the
prevalence of somatic mutation in
neurotypical individuals

Recent studies revealed that mosaic neuronal
genomes are the rule, rather than the exception;
every neuron probably has a different genome
than the neurons with which it forms synapses.
Not unexpectedly, SNVs are the most prevalent
somatic mutations. A “triple calling” strategy was
used to identify and validate clonal SNVs in
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MDA-amplified DNA from single neurons iso-
lated from a neurotypical brain, leading to es-
timates of ~1000 to 1500 SNVs per neuronal
genome (5). By comparison to human cortical
neurons, a SCNT experiment in reprogrammed
mouse olfactory neurons detected hundreds of
SNVs per neuron and a lower proportion of C-to-T
transition mutations (84). Although the divergent
SNV rates between these two studies may arise
from technical differences (as discussed above),
both approaches establish that SNVs represent
an important form of somatic mutation in both
human and mouse neurons.

Brain somatic CNVs initially were identified
by comparing the sequences of bulk DNA derived
from multicellular samples of different brain re-
gions to the sequences of DNA derived from so-
matic tissues (96, 97). The first single-cell study
of neuronal CNVs analyzed 110 human frontal
cortex neurons and found that 13 to 41% of the
neurons contained at least one megabase-scale
de novo CNV (6). Additional studies, which an-
alyzed fewer neuronal genomes, confirmed that
de novo CNVs occur in at least 10% of neurons
(7, 8). CNVs can be shared by multiple neurons
and inherited in a clonal manner (8). Further-
more, megabase-scale CNVs typically alter the
copy number of 10 or more genes in individual
neurons. In addition to expression-level differ-
ences that can accompany gene copy number
changes, mosaic neuronal CNVs also are expected
to reveal or abate pernicious alleles on a neuron-
by-neuron basis in every individual.

L1 retrotransposon insertions alter the tran-
scriptional regulation of genes in myriad ways
(42). Initial studies used engineered Lls containing
a retrotransposition indicator cassette to discover
MEI activity in mouse brain (98) and in human
NPCs in vitro (99). Studies of MDA-amplified
NeuN-positive nuclei isolated from a neuro-
typical human brain, followed by Ll-transposon
profiling (13) or WGS (15, 16), have since suggested
that 0.2 to 1 L1 insertion occur per neuronal
genome. Another report, which employed MALBAC
WGA in conjunction with L1 capture technology
(RC-seq), reported an average of 13 L1 insertions
in every neuronal genome (1I), although a sub-
sequent study suggested a high false-positive rate
in these data (14). By comparison, SCNT experi-
ments in mouse olfactory neurons reported <1.3
MEI per neuronal genome (84). An extrapolation
of these data indicates that potentially billions
of neurons in the neurotypical brain contain
de novo MEIs. Additional studies are required
to determine whether L1s retrotranspose at vary-
ing rates in different brain regions, in different
individuals, or preferentially insert into expressed
genes, and whether other mobile elements [e.g.,
Alu retrotransposons (42)] also contribute to intra-
individual neuronal genetic diversity.

Generation of a community resource

The BSMN will generate comprehensive maps of
somatic genomic variation in neurotypical and
diseased human brains, including a prioritized
call set of confirmed somatic variants (Box 1) that
may contribute to neuropsychiatric disease and
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epilepsy. Functional validation experiments will
be performed using CRISPR/Cas9-mediated genome
engineering, hiPSC-based neurogenesis, and mosaic
mouse models generated by in utero electropora-
tion (Fig. 3). The BSMN is initially determining
concordance among disparate sequencing and
bioinformatic approaches by performing a “com-
mon experiment” in which pulverized tissue from
one neurotypical individual in the Lieber brain
repository has been distributed to all of the
working groups for independent assessment of
mosaicism.

The BSMN will generate an estimated 10,000
sequencing data sets that comprise >600 terabytes
of data and facilitate data-sharing through the
BSMN Knowledge Portal (www.synapse.org/bsmn)
and the NIMH Data Archive (https://data-archive.
nimh.nih.gov). Coordinated analyses with data
derived from some of the same brain samples
by the CommonMind (wWww.synapse.org/cmc) and
PsychENCODE (www.synapse.org/pec) initiatives
may elucidate the effect of somatic mosaicism
on tissue-wide gene expression. Data generated
though the BSMN initiative will be released to
the broader research community on an ongoing
basis through a controlled-access mechanism that
follows NIH policies and regulatory requirements.
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Editor's Summary

Single-cell diversity in thebrain

The cells that make up an organism may all start from one genome, but somatic mutations mean
that somewhere along the line of development, an organism'sindividual cellular genomes diverge.
McConnell et al. review the implications and causes of single-cell genomic diversity for brain function.
Somatic mutations caused by mobile genetic elements or errorsin DNA repair may underlie certain
neuropsychiatric disorders.
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