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Traditionally, we have considered genetic mutations that cause neurodevelopmental diseases to be inherited or de novo germ-
line mutations. Recently, we have come to appreciate the importance of de novo somatic mutations, which occur postzygotically
and are thus present in only a subset of the cells of an affected individual. The advent of next-generation sequencing and single-
cell sequencing technologies has shown that somatic mutations contribute to normal and abnormal human brain development.
Somatic mutations are one important cause of neuronal migration and brain overgrowth disorders, as suggested by visible focal
lesions. In addition, somatic mutations contribute to neurodevelopmental diseases without visible lesions, including epileptic
encephalopathies, intellectual disability, and autism spectrum disorder, and may contribute to a broad range of neuropsychi-
atric diseases. Studying somatic mutations provides insight into the mechanisms underlying human brain development and

neurodevelopmental diseases and has important implications for diagnosis and treatment.

From germline to somatic mutations

Historically, studies of inherited mutations associated with human
disease used linkage analysis and candidate gene approaches to
identify disease-causing mutations in families with monogenic
disease and genome-wide association studies to identify common
variants associated with complex disease. An inherited germline
mutation is present in one or both parents and in all of the cells of
an affected individual. Thus, the mutation can be identified by test-
ing DNA from any tissue of the parent(s) carrying the mutation or
the affected individual (Fig. 1a).

The last 15 to 20 years have increasingly highlighted the impor-
tance of de novo germline mutations in human disease. Although
cytogenetics was traditionally used to identify microscopically
visible de novo chromosomal abnormalities, the advent of high-
resolution microarrays and next-generation sequencing (NGS)
technologies allowed a clearer understanding of the full range of
de novo mutations. De novo mutations are undetectable in either
parent of an affected individual. Usually, a de novo germline muta-
tion arises during gametogenesis in one of the parents and is present
in all cells of the affected individual. Hence, the mutation can be
identified from any tissue of the affected individual (Fig. 1b). The
number of de novo germ cell mutations increases with age of moth-
ers (~0.37 per year) and fathers (~1.51 per year)', and a father’s age
at conception is associated with risk of autism spectrum disorder
(ASD) and schizophrenia (SCZ)". Every individual’s genome carries
approximately one de novo germline mutation in the exome, the
protein-coding region of the genome’.

Given that the contribution of de novo mutations to a disease will
be increased if there is a large mutational target (that is, dominant
mutations in many genes are associated with the disease) and if the
mutations have a large negative effect on survival and reproduction®,
it is not surprising that de novo mutations are associated with many
neurodevelopmental diseases. There are many genes critical for brain
development and neuronal function, and individuals with neurode-
velopmental diseases often do not reproduce™’, placing the muta-
tions under strong negative selection and necessitating continual de

novo appearance of mutations for the diseases to remain present in
the human population.

Recently, there has been growing evidence for de novo somatic
mutations, which have been traditionally studied in cancer’, in
neurodevelopmental diseases (Table 1). A somatic mutation arises
postzygotically during embryonic development or postnatal life
and is present only in daughter cells of the originally mutated cell.
In principle, ‘somatic mosaicism’ refers to mutations that arise in
somatic cells and are not present in germ cells, ‘gonosomal mosa-
icismy’ refers to mutations present in a subset of somatic and germ
cells (Fig. 1c), and ‘germline mosaicism’ refers to mutations that
arise in germ cells and are not present in somatic cells (Fig. 1d)®. In
practice, it is difficult or impossible to tease apart the differences. In
this review, we use ‘germline mutation’ to refer to a mutation that is
present in all of the cells of a monozygotic individual and ‘somatic
mutation’ to refer to a mutation that is present in only a subset of the
cells of a monozygotic individual.

While germline mutations can be identified from any tissue of an
affected individual, somatic mutations are more difficult to detect.
At one extreme, if a somatic mutation occurs in the zygote or during
the first mitotic divisions, such that all of the cells that contribute to
the embryo carry the mutation, it can be identified from any tissue
(Fig. 1e). If a somatic mutation occurs early in development, it may
be present in a high percentage of cells across multiple tissues and
identified relatively easily (Fig. 1f). If a somatic mutation occurs late
in development, it may be present in a percentage of cells in only one
tissue and identified only if that tissue is tested, which is generally not
feasible for brain tissue (Fig. 1g). At the other extreme, if a somatic
mutation occurs in a postmitotic cell like a neuron, it can be identi-
fied only if that cell is tested (Fig. 1h). Box 1 discusses current meth-
ods to detect and validate somatic mutations in the human brain.

How do somatic mutations lead to neurodevelopmental
disease?

The human brain is vulnerable to somatic mutation, especially during
neurogenesis when approximately 10° neurons per min are generated

'Division of Genetics and Genomics, Manton Center for Orphan Disease, and Howard Hughes Medical Institute, Boston Children's Hospital, Boston, MA,
USA. 2Departments of Neurology and Pediatrics, Harvard Medical School, Boston, MA, USA. 3Broad Institute of MIT and Harvard, Cambridge, MA, USA.

*e-mail: christopher.walsh@childrens.harvard.edu

1504

NATURE NEUROSCIENCE | VOL 21| NOVEMBER 2018 | 1504-1514 | www.nature.com/natureneuroscience


mailto:christopher.walsh@childrens.harvard.edu
http://orcid.org/0000-0002-0156-2238
http://www.nature.com/natureneuroscience

NATURE NEUROSCIENCE

a
o O o O e
— —
Germline mutation Mutation not

@
a

ooeaBaatea o

e
o
-
—]
3
=
—_ detected in parent ? — detected in parent
(0} - (0] -
o o
I @ — = I j@— =
° = ° =
Germline mutation ? Germline mutation ;
detected in child < detected in child c
Inherited germline mutation De novo germline mutation
c d
. ETEAS C G C . . mTmSS C G C
i = i e — ¢
) ) = Somatic mutation =
Somatic mutation ¢ detected only ¢
——  detected in parent H 3~ ingametes ¢
(0] — (0] -
o
Fj@— = | | j@— =
] ]

(] é (] é
Germline mutation = Germline mutation =
detected in child © detected in child ©

Parental gonosomal mosaicism Parental germline mosaicism
G © f. . 6 c

=
i

Mutation not

detected in parent

T
i

Mutation not
detected in parent

e
B
=
j® —

O
'il Heterozygous

booanaanaa o

Somatic mutation
detected in brain and
nonbrain tissues

Early somatic mutation
(brain and nonbrain)

o O i i
—
I| II Mutation not
d

EOCT T | EER R
T EEEEE

mutation detected
in child

Very early somatic mutation
(initial cell divisions)

i
Mutation not
detected in parent

=it — O

Booacaaana o
°
a
00080080000 o

T
!
|

@ Somatic mutation
detected only in

w single neuron as
heterozygous mutation

Somatic mutation
detected only in
brain tissue

EET T T

Late somatic mutation (brain only) Very late somatic mutation (single cell)
Fig. 1| Types of mutations and their detection using NGS. a, An inherited
germline mutation is detectable in all tissues of the parent and child at AAF
=50%. b, A de novo germline mutation is not detectable in the parent and
is detectable in all tissues of the child at AAF = 50%. ¢, Parental gonosomal
mosaicism is detectable in some tissues of the parent at AAF <50%, and

in all tissues of the child at AAF = 50%. d, Parental germline mosaicism

is detectable in gametes of the parent (in this case, in sperm at AAF <
50%), and in all tissues of the child at AAF =50%. e, A very early somatic
mutation, which occurs in the first cell divisions such that all cells that
contribute to the embryo carry the mutation, is not detectable in the parent
and is detectable in all tissues of the child at AAF = 50%. f, An early somatic
mutation, which is present in brain and nonbrain tissues, is not detectable in
the parent and is detectable in some tissues of the child at AAF <50%. g, A
late somatic mutation, which is present only in the brain, is not detectable

in the parent and is detectable only in brain tissue of the child at AAF <
50%. h, A very late somatic mutation, which occurs in a postmitotic neuron,
is not detectable in the parent and is detectable only in that neuron of the
child, which requires single-cell sequencing. In all panels, blue represents the
mutation and darker shades indicate increasing degree of mosaicism.

from an initial population of progenitors®’. The somatic muta-
tion rate is high during neurogenesis (~5.1 single-nucleotide vari-
ants (SNVs) per day per progenitor)'!, and somatic mutations that
occur during this period may lead to neurodevelopmental diseases.
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Ultimately, the human brain contains about 86 billion neurons’, and
each neuron continues to accumulate somatic mutations approxi-
mately linearly with age (~23 SNVs per year per neuron)'’, which
may contribute to neurodegenerative diseases. In addition to causing
neurological disease, it has been hypothesized that somatic mutations
in the human brain contribute to generating neuronal diversity'’. Box
2 discusses somatic mosaicism in the normal human brain.

To understand how somatic mutations lead to neurodevelop-
mental disease, we must consider the developmental time period
and progenitor cell in which the somatic mutation occurs, as well
as the effect of the mutation on the original cell: if it is neutral or
so damaging that the cell is selected against, the mutation will not
cause disease. Thus, we assume a somewhat damaging mutation
that allows the cell to survive. If the mutation occurs in an irrelevant
lineage or very late in a relevant lineage, it is unlikely to cause dis-
ease; for example, a somatic mutation in a neuronal gene that occurs
in a hematopoietic stem cell or in a postmitotic neuron. If the muta-
tion occurs in a relevant lineage and nonmalignantly causes prolif-
eration (or malignantly transforms the cell), it can cause disease; as
discussed below, somatic mutations activating a growth pathway in
neural progenitor cells lead to abnormal brain overgrowth'. If the
mutation does not have a proliferative effect, it can still cause dis-
ease if it occurs early in a relevant lineage and disrupts a gene critical
for that tissue’s development and/or function; as discussed below,
somatic mutations in many genes important for brain development
and neuronal function have recently been associated with ASD"*~"%.

We must also consider the different classes of somatic mutation
that occur in the human brain, which range from SNVs, insertion-
deletions, and microsatellite instabilities to copy-number variants
(CNVs), large structural variants, chromosomal aneuploidies, and
mobile element insertions. Somatic SNVs and insertion-deletions
are relatively frequent (~1,500 somatic SN'Vs per neuron'’) and have
been identified in many neurodevelopmental diseases; as discussed
below, somatic SNV that disrupt the function of ion channels lead
to epileptic encephalopathies***. Somatic expansion of trinucleo-
tide repeats is surprisingly common in certain neurological diseases;
for example, somatic instability of the Fragile X trinucleotide repeat
has been demonstrated in human brain®. Although somatic struc-
tural variants are rarer (<0.5 somatic CNV per neuron®*”’), somatic
chromosomal aneuploidies were some of the first somatic variants
associated with human disease, as they were microscopically visible.
Trisomies of chromosomes 13, 18, and 21 are the only autosomal
trisomies compatible with life in the germline state; however, tri-
somies of many chromosomes have been identified in the somatic
state”*-**. Recently, somatic mobile element insertions, specifically
of long interspersed nuclear element-1 (L1), have been associated
with neurodevelopmental diseases. Rett syndrome, which is caused
by mutations in MECP2, was the first disease implicated. MECP2
acts as a transcriptional repressor of the LINE1 promoter in neural
progenitors, and somatic L1 insertions are increased in the brains of
Rett syndrome patients carrying MECP2 mutations®.

Finally, we must consider the different genetic mechanisms by
which a somatic mutation can lead to a neurodevelopmental disease
phenotype. A first mechanism involves obligatory somatic mutation
diseases, which are caused by mutations seen only in the somatic
state, as the germline state is incompatible with life. For example,
Proteus syndrome, characterized by multiple tissue overgrowths,
is caused by an activating somatic point mutation in AKTI*; con-
genital lipomatous overgrowth with vascular, epidermal, and skeletal
anomalies syndrome is caused by activating somatic mutations in the
same pathway, specifically point mutations in PIK3CA¥; and Sturge-
Weber syndrome, characterized by port-wine stain, leptomeningeal
angiomas, and seizures, is caused by an activating somatic point muta-
tion in GNAQ™. As discussed below, hemimegalencephaly (HME),
in which a cerebral hemisphere is abnormally enlarged, has recently
been discovered to be an obligatory somatic mutation disease;
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Table 1| Neurodevelopmental diseases associated with somatic mutations

Disease Gene(s) Mechanism References

Autism spectrum disorder Many genes Not resolved, likely germline and milder somatic LI
mutations, potential two-hit model

Double-cortex syndrome DCX, LIST Germline and milder somatic mutations ol

Epileptic encephalopathy (including  CDKL5, GABRAT, GABRG2, GRINZ2B, Germline and milder somatic mutations ezt e

Dravet and Ohtahara syndromes) KCNQ2, PCHD19, SCN1A, SCN2A, SCNSA

Focal cortical dysplasia MTOR, PIK3CA; Obligatory somatic mutations SR

DEPDCS5, NPRL2, NPRL3, TSC1, TSC2

FMR1
AKT3, MTOR, PIK3CA;
DEPDCS, PTEN, TSC2

Fragile X syndrome

Hemimegalencephaly

Intellectual disability Many genes
Neurofibromatosis type 1 NF1
Neurofibromatosis type 2 NF2
Periventricular nodular heterotopia ~ FLN1T

Rett syndrome MECP2
Schizophrenia Many genes
Tuberous sclerosis TSC1, TSC2

in fact, de novo germline mutations in some of the same alleles that
cause HME in the somatic state have been rarely reported and lead
to death in the first years of life'**.

In contrast to the ‘single-hit’ mechanism causing obliga-
tory somatic mutation diseases, a second mechanism involves
the ‘two-hit’ model of Knudson, in which an individual inherits
a mutation in one allele of a recessive oncogene, and a somatic
mutation of the second allele leads to disease manifestations,
such as tissue overgrowth or cancer”. In the neurocutaneous
disease neurofibromatosis type 1 (NF1), which is characterized
by café-au-lait spots, optic gliomas, and peripheral nervous sys-
tem tumors (neurofibromas), affected individuals carry a germ-
line mutation in one allele of NFI, and somatic mutations of the
second allele lead to neurofibromas'"*. Similarly, in tuberous
sclerosis complex (TSC), which is characterized by facial and
skin lesions, seizures, intellectual disability, renal and cardiac
tumors, and cortical tubers, affected individuals carry a germline
mutation in TSCI or TSC2, and somatic mutations of the second
allele have been identified in non-nervous system tumors and
cortical tubers*~*.

A third mechanism involves diseases that can be caused by both
germline and somatic mutations, with the somatic mutations often
manifesting as milder phenotypes than the germline mutations. In
periventricular nodular heterotopia (PVNH), newborn neurons
do not migrate to their proper positions in the cerebral cortex but
instead accumulate next to the ventricles. Germline mutations in
X-linked FLNA cause PVNH in females and are usually lethal in
males*>*. However, somatic mutations in FLNA cause milder dis-
ease in both females and males**.

Neuronal migration disorders
Somatic mutations have been known to cause neuronal migration

disorders like PVNH for almost two decades, because magnetic
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Two-hit model: inherited germline and demonstrated or ~ %-¢”
inferred second-hit somatic mutations

Germline and milder somatic mutations 102140

Obligatory somatic mutations S

Two-hit model: inherited germline and demonstrated or ~ #°8¢2

inferred second hit somatic mutations

Germline and milder somatic mutations 12223

Two-hit model: inherited germline and second hit LR

somatic mutations

Germline and milder somatic mutations [ELS2
Germline and milder somatic mutations S
35,100,101,140

Germline and milder somatic mutations in females,
obligatory somatic mutations in males, association with
increased L1 retrotransposition

Not resolved, associated with increased L1 130131

retrotransposition

Two-hit model: inherited germline and second hit somatic +*-*°
mutations

resonance imaging (MRI) of these disorders demonstrated incom-
plete disruption of brain development, suggesting a causative
mechanism that would lead to focal effects. Lissencephaly, which is
characterized by a smooth brain on MRI, and subcortical band het-
erotopia (also known as double-cortex syndrome), which is char-
acterized by a ‘double cortex’ on MRI, highlight the relationship
between alternate allele frequency (AAF) and phenotype severity
(Fig. 2). Lissencephaly is caused by germline mutations in LISI in
males and females and by germline mutations in X-linked DCX in
males’*". Double-cortex syndrome is caused by germline muta-
tions in DCX in females (due to random X-chromosome inacti-
vation) and by somatic mutations in DCX and LISI in males and
females**°. As the AAF of the causative mutation increases, from
as low as 5% in a female with a somatic DCX mutation to 50% in
females with germline DCX mutations and up to 100% in males
with germline DCX mutations, there is a corresponding increase in
the severity seen on MRI, from mild to severe double-cortex syn-
drome to complete lissencephaly®'.

Somatic mutations were initially suspected to be associated with
neuronal migration disorders in 5-10% of patients and recently in up
to 30% of patients using NGS. Targeted deep sequencing (>200X) on
leukocyte-derived DNA from 158 patients with brain malformations
identified germline mutations in 19 patients and somatic mutations
in 8 patients’’. Most of the somatic mutations were undetectable
by Sanger sequencing, which has a minimum detection threshold
of ~15% AAF (below this, somatic mutations are difficult to distin-
guish from background) and an upper threshold of ~30-35% AAF
(above this, somatic mutations are difficult to distinguish from
germline mutations)**”. Of note, these studies used DNA extracted
from clinically accessible tissues. Thus, for some neurodevelopmen-
tal diseases associated with somatic mutations, the mutations occur
relatively early in embryonic development, before gastrulation, and
are present in brain and nonbrain tissues.
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Box 1| Methods to detect and validate somatic mutations in
human brain

Given that somatic mutations are present in only a subset of
cells, their identification requires sequencing of DNA extracted
from bulk tissue or from sorted pooled cells at high depth of
coverage'**"“’ or sequencing of DNA extracted from single cells
at relatively shallow coverage''’. For bulk human brain tissue
and sorted pooled cells (for example, NeuN* cells), our abil-
ity to detect a somatic mutation depends on the percentage of
cells carrying the mutation and the depth of coverage. For ex-
ample, mutations in the mTOR pathway causing FCD that are
present in 2% of cells are difficult to detect at standard depths
of coverage (30-100x), but possible to detect at high depths
of coverage (300-1,000x). Currently, coverage depth needs to
be balanced with the size of the target region (i.e., targeted se-
quencing, WES, or WGS) due to the cost of sequencing. Deep
sequencing of bulk human brain tissue has been successfully
used to identify many somatic mutations causing neurodevel-
opmental diseases, which is not surprising if disease-causing
somatic mutations need to be present in a threshold percent-
age of cells to disrupt neuronal development and function'**>.
Deep sequencing of sorted pooled cells will likely identify ad-
ditional disease-causing somatic mutations limited to specific
cell lineages. For single neurons and non-neuronal cells, whole
genome amplification or clonal expansion is necessary to gener-
ate sufficient DNA for sequencing'**'**. These approaches have
been successfully used to analyze private and clonal somatic
mutations in the developing and aging human brain'"'>!*26276%,
Finally, biological validation from unamplified source material
and/or technical validation from amplified source material (for
single cells) are critical to discriminate true somatic mutations
from false positives'*. Validation initially involved relatively
low-throughput methods, including subcloning followed by
Sanger colony sequencing and mass spectrometry’>*’, and now
involves high-throughput methods like digital droplet PCR and
high-coverage resequencing'*>'*°. Table 3 provides further de-
tails on the advantages and challenges of current methods.

Focal cortical dysplasia and HME

Focal cortical dysplasia (FCD), which is characterized by a small region
of abnormal cortex™, and HME, which is characterized by abnormal
enlargement of a cerebral hemisphere™, have long been hypothesized
to be due to somatic mutations™ given the focal, unilateral lesions seen
on MRI. FCD and HME are important causes of intractable pediat-
ric epilepsy, and patients often require surgical resection of abnormal
brain tissue for attempted seizure control, providing access to brain tis-
sue for research™. Direct study of resected abnormal brain tissue has
revealed somatic activating mutations in MTOR and in genes encod-
ing positive regulators of the mTOR pathway (AKT3 and PIK3CA) in
FCD, HME, and related megalencephaly syndromes™>*-*, as well as
loss-of-function (LOF) mutations in multiple genes encoding negative
regulators of the mTOR pathway (DEPDC5, NPRL2, NPRL3, PTEN,
TSC1, and TSC2)'****”. Knudson’s two-hit model is hypothesized to
apply to the latter category, and several cases with both germline and
somatic mutations in negative regulators have been described, includ-
ing TSC2 mutations in isolated HME"%.

Overall, the AAF for somatic mutations associated with FCD
ranges from ~1% to 10% within the lesion (with the mutation gen-
erally absent outside the lesion) and from ~3% to 30% in HME".
Interestingly, the somatic mutations causing these diseases appear
to lead to a proliferative advantage, as studies of functionally silent
somatic mutations in normal human brain and nonproliferative
disease-causing somatic mutations in abnormal human brain have
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Box 2 | Somatic mosaicism in the normal human brain

Recent studies have demonstrated that somatic mutations oc-
cur in the normal human brain from development through ag-
ing, and somatic mutations are hypothesized to contribute to
the generation of neuronal diversity. One of the most exciting
findings has been the demonstration of somatic L1 insertions
in human brain, as L1 repeats comprise ~25% of our genome™
and were initially considered ‘junk DNA. Several studies using
single-cell approaches have demonstrated that L1 retrotransposi-
tion occurs in human neurons at ~<1 somatic insertion per neu-
ron, although the rate remains controversial®'“~'*. The impact
of L1 insertions on normal and abnormal human brain develop-
ment (as discussed in the main text, L1 insertions have already
been associated with Rett syndrome and SCZ) is an important
area for future studies. In addition, single-cell WGS studies have
shown that somatic aneuploidy is rare in human neurons, while
somatic CNVs are relatively more common and include both
private and clonal CNVs, with one study reporting that 13-41%
of human cortical neurons carry a large CNV***”'*", In terms of
somatic SN'Vs, our initial study using single-cell sorting, multi-
ple displacement amplification, and WGS estimated ~800-2,000
somatic SN'Vs per neuron in the adult human brain", and we re-
cently showed that each neuron accumulates somatic mutations
approximately linearly with age'>. Another recent study using
WGS of clonal-cell populations to analyze single-cell genomes
from fetal human brain demonstrated higher rates of somatic
SNVs during early embryogenesis and especially neurogenesis
(~5.1 SNVs per day per progenitor) compared to adulthood,
estimating 200-400 somatic SNVs per progenitor cell at 15-21
weeks gestation''. Overall, a neuron has ~300-900 somatic SNVs
at birth, and then continues to accumulate somatic SNVs at a
rate of ~23 SNVs per year per neuron in the prefrontal cortex
and at ~40 SNV per year per neuron in the dentate gyrus of the
hippocampus'*>. The number of somatic SNVs in aged human
brain is thus much higher than that in infant human brain, and
the number of somatic SNVs in neurodegenerative disease brain
is higher than that in normal human brain". Future studies need
to further investigate the association between somatic mutation,
aging, and neurodegenerative disease.

demonstrated that mutations at >5% AAF are generally detectable
in brain and nonbrain tissues'**!. However, in essentially all FCD
and HME cases in which brain and nonbrain tissue samples are
available, the disease-causing somatic mutations are detected only
in brain tissue'*. Thus, for some neurodevelopmental diseases asso-
ciated with somatic mutations, the mutations occur relatively late
in embryonic development and are detectable only if brain tissue is
tested, which has implications for clinical diagnosis in cases where
surgical resection is not required.

Using NGS, single-cell sequencing, and mouse models, recent
studies have demonstrated that FCD and HME lie on a disease
continuum, with the resulting phenotype dependent on the devel-
opmental time and progenitor cell in which the disease-causing
somatic mutation occurs (Fig. 3). NGS studies have shown that the
average AAF associated with FCD is substantially lower than that
associated with HME, but there is overlap™. Single-cell sequencing
of neuronal and non-neuronal cells isolated from abnormal brain
tissue of FCD and HME patients with disease-causing somatic
mutations demonstrated that the mutations are always present in
neurons but variably present in glia, suggesting that abnormal acti-
vation of the mTOR pathway in the neuronal lineage is necessary
for both FCD and HME pathogenesis'****“. Moreover, in the two
FCD patients with the lowest AAFs in bulk sequencing, somatic
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Fig. 2 | Somatic mutations in neuronal migration disorders. MRIs of (from
left to right) a control individual with a normal brain, an affected individual
with mild double-cortex syndrome and a somatic mutation in DCX present
in 10% of cells, an affected individual with severe double-cortex syndrome
and a somatic mutation in LIST present in ~50% of cells, and an affected
individual with lissencephaly, which results from a germline mutation in
DCX in males or in LISTin males and females. Blue arrows point to the
small anterior subcortical band heterotopia. Note that the severity of the
phenotype increases as the percentage of cells carrying the mutation
increases”’. M, male; F, female.

mutations were limited to neurons, suggesting that in some cases
the mutations occur after segregation of neuronal and glial lineages.
Mouse models of FCD and HME further suggested that somatic
mutations activating the mTOR pathway in dorsal cerebral corti-
cal progenitors cause both FCD and HME and that activation in
the excitatory neuron lineage is necessary and in some cases suf-
ficient for disease pathogenesis. In utero electroporation of mutant
MTOR or AKT3 leads to cytomegalic neurons, abnormal neuronal
migration, and seizures*>®. mTOR inhibition with rapamycin sup-
pressed seizures in the MTOR model* and rescued migration when
administered prenatally (but not postnatally) in the AKT3 model®.
Expression of mutant PIK3CA in different cell lineages using Cre-
recombination leads to varied phenotypes. Prenatal expression in
neural progenitors, including expression limited to the dorsal tel-
encephalic lineage, leads to megalencephaly, cytomegalic neurons,
abnormal cortical lamination, and seizures (not all aspects were
analyzed in each model)'*”°, and PI3K-signaling inhibition sup-
pressed seizures in one model”. Prenatal expression limited to the
interneuron lineage leads only to a subtle decrease in cortical inter-
neuron number'. Most recently, neuron-specific DEPDC5 knock-
out using Cre-recombination was shown to lead to megalencephaly,
cytomegalic neurons, and seizures’".

Nonlesional epileptic encephalopathies

In addition to causing neurodevelopmental diseases with visible
lesions, somatic mutations also contribute to diseases without vis-
ible lesions, but less is known about these diseases because such
mutations are not independently manifest. Epileptic encephalopa-
thies are associated with inherited and de novo germline muta-
tions, and they have also been associated with somatic mosaicism
in multiple genes (CDKL5, GABRA1, GABRG2, GRIN2B, KCNQ2,
PCHDI19, SCNIA (in discordant monozygotic twins), and SCN2A)
in affected children and with germline or gonosomal mosaicism in
multiple genes (KCNQ2, SCN1A, SCN2A, SCN8A) in asymptom-
atic or less-severely affected parents of affected children®-*7>-"".
Epilepsy associated with mutations in X-linked PCHD19 is an inter-
esting example, because only females with germline mutations and
males with somatic mutations are affected, while hemizygous males
are generally unaffected’”®. Thus, the abnormal phenotype requires
that the gene be disabled in some, but not all, neurons, recently
suggested as being due to abnormal cell sorting when normal and
abnormal neurons are present”.
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PMG germline mutation
PMG-1 MTOR Ms (100% of cells)

HME somatic mutation
HME-11 TSC2 Fs (~6.9% of cells)

HME germline mutation
HME-11 TSC2 Ms (100% of cells)

FCD somatic mutation
FCD-6 MTOR Ms (~4.9% of cells)

HME somatic mutation
HME-22 PIK3CA Ms (~32% of cells)

Fig. 3 | FCD and HME represent a continuum, with lesion differences
reflecting the time and place of origin of the mutation. a, Germline
mutations occur before fertilization and are detectable in the brain and a
clinically accessible blood sample. Germline activating mutations in the
mTOR pathway can lead to megalencephaly, as seen in case PMG-1 with

a de novo germline MTOR mutation. b, Two-hit germline and somatic LOF
mutations in negative regulators of the mTOR pathway can lead to FCD
and HME. In some cases, such as HME-11 with two TSC2 mutations, both a
germline and a somatic mutation leading to HME have been identified. The
germline mutation was detectable in brain and blood, whereas the somatic
mutation occurred later during embryonic development and was detectable
only in brain. ¢, Somatic activating mutations in positive regulators of the
mTOR pathway can also lead to these diseases. Mutations present at a
higher AAF, suggesting that they arose earlier during cortical neurogenesis,
appear more likely to lead to HME; for example, a somatic activating

point mutation in PIK3CA was identified in ~32% of cells in the abnormal
hemisphere of case HME-22. d, Mutations present at a lower AAF,
suggesting that they arose later during cortical neurogenesis, appear more
likely to lead to FCD; for example, a somatic activating point mutation in
MTOR was identified in ~4.9% of the cells in the abnormal cortical tissue of
case FCD-6. PMG, polymicrogyria; Ms, missense mutation; Fs, frameshift
mutation. Figure and legend adapted with permission from ref. %, Cell Press.

SCNIA mutations, which are associated with Dravet syndrome,
and SCN2A mutations, which are associated with Ohtahara syn-
drome, have been identified in the mosaic state in both parents
and affected children®**. In one study, 8.6% of presumed de
novo germline SCNIA mutations in 174 children with Dravet
syndrome were discovered to be mosaic in a parent, and mosaic
parents without epileptic symptoms had significantly lower AAFs
than those with symptoms®. In another study, monozygotic twins
discordant for Dravet syndrome were found to be discordant for
an SCNIA mutation, suggesting that the mutation occurred very
early, at the premorula stage”.

Although the somatic mutations in the cases described above
occurred relatively early and were detected in clinically accessible
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Table 2 | Summary of four ASD studies analyzing WES data for mosaic mutations

Study Number of Number Validation method Validation rate Burden in cases vs. Percent of Percent
families of mosaic (on subset) controls de novo contribution to
mutations mutations simplex ASD risk
Freed etal’® 2,388 221 SSV, phasing, pyroseq 87% (phasing),  All classes of mosaic 5.4 5.1
82% (pyroseq) mutations
Douetal’® 2,361 1,248 ultra-deep amplicon 53% (reseq) Missense and LOF mosaic - 34
reseq, phasing and WGS mutations with AAF> 20%
Lim et al.”® 5,947 468 subcloning and SCS, 84.8-97% damaging non-synonymous 7.5 -
pyroseg, targeted PCR mosaic mutations in
and MiSeq reseq critical exons of prenatally
expressed genes
Krupp et al.” 2,264 470 smMIPs 54% (at least 2 synonymous mosaic 22 3-4
callers) mutations

Pyroseq, pyrosequencing; reseq, resequencing; SCS, Sanger colony sequencing; smMIPs, single-molecule molecular-inversion probes, MiSeg, lllumina MiSeq sequencing instrument; WGS,

whole-genome sequencing.

tissues, the hypothesis that brain-only somatic mutations lead to
some cases of nonlesional epilepsy has not been adequately tested.
Even with access to brain tissue, the nonlesional nature of many
epilepsy mutations makes them hard to detect, since one does not
know which brain region to sample. If such somatic mutations
occurred late enough to be restricted to specific cell lineages, iso-
lating those lineages might be required to detect the mutations.
For example, mTOR pathway activation in the interneuron lineage
does not lead to a visibly abnormal brain, but appears to disrupt
interneuron migration to the cortex and reduce the seizure thresh-
old'**. Thus, a somatic mutation in a progenitor cell of the gan-
glionic eminences could disrupt neuronal circuitry and contribute
to epileptogenesis, but might be difficult to detect even in bulk
brain DNA.

Autism spectrum disorder

ASD is a common neurodevelopmental disorder characterized by
deficits in social interaction and communication, as well as restric-
tive and repetitive behaviors®~**. ASD shows high heritability (70—
90%°+%°), but is highly genetically heterogeneous. Germline de novo
CNVs and SNVs seem to be a significant cause of risk, while auto-
somal recessive, X-linked, and common variants all contribute to
ASD risk as well>*.

Although several syndromic diseases that are sometimes asso-
ciated with autistic symptoms—including TSC, NF1, Fragile X,
and Rett syndrome'~'—can be caused by somatic mutations,
until recently, there were only case reports of somatic mutations
in idiopathic ASD and one larger study suggesting an association
between low-level mosaic aneuploidy and ASD using fluorescence
in-situ hybridization'*'"*. Several initial studies using whole-
exome sequencing (WES) to identify de novo mutations in large
ASD cohorts noted variants consistent with somatic mosaicism in
an affected child or gonosomal mosaicism in a parent®*>*. In one
study of 209 simplex families, 3.5% of reported de novo mutations
appeared somatic™. However, the initial WES calling algorithms
were not designed to detect somatic mutations, and the relatively
low coverage of the exome presents challenges to detect them.

In the past year, several groups have reanalyzed WES data from
simplex ASD families, mainly from the Simons Simplex Collection
(SSC), to detect somatic mutations, and they demonstrated that
somatic mutations in affected children contribute to ASD risk in up
to 3-5% of all simplex cases (Table 2). Freed and Pevsner analyzed
WES data from 2,388 SSC families, finding that mosaic mutations
account for 5.4% of de novo mutations and estimating that 33% of
mosaic mutations contribute to 5.1% of simplex ASD diagnoses'.
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In their callset, all classes of mosaic mutations were substan-
tially enriched in children with ASD compared to unaffected sib-
lings. Dou et al. analyzed WES data from 2,361 SSC families for
mosaicism in both children with ASD and parents, estimating
that 65.8% of missense or LOF postzygotic mutations with high
AAFs (>20%) in children with ASD and 53.4% of parental mis-
sense or LOF postzygotic mutations with low AAFs transmitted
to affected children contribute to 3.4% and 2.6% of simplex ASD
diagnoses, respectively’”. These mutations tend to be enriched in
LOF-constrained exons (i.e., exons in which there are fewer LOF
mutations in public databases like EXAC (Exome Aggregation
Consortium, http://exac.broadinstitute.org) than expected based
on mutation rates), and the new ASD risk genes identified tend to
have higher expression in the cerebellum. Lim et al. analyzed 5,947
families from the SSC and the Autism Sequencing Consortium,
finding that postzygotic mutations account for 7.5% of de novo
mutations'®. Damaging nonsynonymous postzygotic mutations in
critical exons of prenatally expressed genes were enriched in people
with ASD compared to controls, and genes with these mutations
were enriched for expression in the amygdala. Intriguingly, people
with ASD with mosaic mutations tended to have higher IQs than
those with germline mutations. Finally, Krupp et al. analyzed 2,264
SSC families for mosaicism in both children with ASD and their
parents, finding that mosaic mutations account for 22% of de novo
SNVs and that transmitted parental mosaic mutations account for
6.8% of presumed de novo mutations in children'. In their callset,
synonymous mosaic mutations were substantially enriched in ASD
cases compared to controls, and enriched for impacts on splicing.
They estimate that mosaic mutations contribute to 3-4% of ASD
risk in simplex families, with 2% due to synonymous mosaic muta-
tions. Although these studies used overlapping WES datasets, their
final callsets for somatic mutations were quite different, suggesting
that further analysis—and ideally a consensus on calling, filter-
ing, and validation pipelines for somatic mutations—is needed to
resolve the differences. The studies also used relatively low-coverage
(60x) WES data, which is extremely insensitive for the detection of
somatic mutations; higher-coverage data would likely reveal a larger
number of somatic mutations with lower AAFs. Taken together,
the studies demonstrate that somatic mutations clearly contribute
to simplex ASD risk and occur in both previously implicated ASD
risk genes, such as SCN2A'", as well as in new candidate genes. In
the future, a model in which different combinations of germline
and somatic mutations contribute to ASD risk may help explain the
incomplete penetrance and variable expressivity observed in ASD
and other neuropsychiatric disorders.
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Table 3 | Comparison of methods to study somatic mutations in human brain

Advantages

Challenges

DNA source

Single cells

Pooled cells

Bulk tissue

Detection methods

Sanger sequencing

Targeted NGS
(including WES)

WGS

Validation methods

Targeted NGS

Digital droplet PCR

Sanger sequencing

Detection: highest power (able to detect somatic
mutations at single-cell resolution and clonal mutations at
AAF > 0.1%'°) Validation: technical validation is relatively
simple.Application: somatic mutations can be used as
lineage markers to study normal and abnormal brain
development.

Detection: medium power (able to detect somatic
mutations restricted to specific cell lineages that

would be present at relatively low AAFs, and thus more
difficult to detect, in bulk tissue). Does not necessarily
require WGA Validation: biological validation is
possible.Application: clonal somatic mutations are more
likely to be pathogenic. Distribution provides information
on critical cell types for disease pathogenesis.

Detection: DNA extraction from bulk tissue is relatively
simple. Does not require WGA Validation: biological
validation is possible.Application: clonal somatic
mutations are more likely to be pathogenic. Pathogenic
somatic mutations may be confirmed clinically (usually
using targeted deep sequencing in a CLIA lab).

Relatively simple to perform and analyze.

Higher depth of coverage (and thus more power to detect
AAF > 1%') compared to WGS for given cost. Provides
quantitative AAF.

Able to accurately detect range of somatic variation
(from SNVs to structural variants) across all genomic loci.
Provides quantitative AAF.

Independent biological validation. Sensitivity depends on
depth of resequencing, >0.1%". Provides quantitative AAF.

Independent biological validation. Sensitivity to AAF
>0.001%'“. Provides quantitative AAF.

Relatively simple to perform.

Detection: requires isolation of single cells, which is relatively
complex, and (i) whole-genome amplification or (ii) clonal
expansion via somatic cell nuclear transfer (relatively inefficient) to
generate sufficient DNA for sequencing. Sequencing errors arising
during these processes (false positives) must be discriminated
from somatic mutations (true positives).Validation: private somatic
mutations (only detected in one cell) can only be technically
validated. (If clonal, the somatic mutation may be biologically
validated in unamplified bulk tissue or pooled cells.)Application:
private somatic mutations are unlikely to be pathogenic.

Detection: requires isolation of pooled cell populations, which

is relatively complex. Fluorescence-activated nuclear sorting
requires extensive antibody optimization to ensure purity of
pooled cell populations (currently limited by number of validated
antibodies).Validation: biological validation is relatively complex.

Detection: lowest power (dependent on depth of sequencing;
becomes cost-prohibitive to accurately detect low AAFs
<1%'%) Validation: biological validation is relatively
complex.Application: no information on distribution of somatic
mutations.

Lower detection threshold of ~15% AAF (somatic mutations
become hard to discriminate from background) and upper detection
threshold of ~30-35% AAF (somatic mutations become hard

to discriminate from germline mutations)®'. Does not provide
quantitative AAF.

Relatively complex to perform and analyze, especially for unmatched
samples. No information on genomic loci not in target region. Unable
to accurately detect structural variants.

Relatively complex to perform and analyze, especially for unmatched
samples. Lower depth of coverage (and thus less power to detect low
AAFs) compared to targeted NGS for given cost.

Relatively complex to perform.

Relatively complex to perform.

Private somatic mutations only able to be validated in DNA from
WGA or clonal expansion (technical validation).

In terms of DNA source: if the source is a single cell, DNA is extracted from a single cell sorted from a small piece of brain tissue; if the source is pooled cells, DNA is extracted from a specific cell
population (for example, NeuN* cells) sorted from a small piece of brain tissue and pooled before extraction; and if the source is bulk tissue, DNA is extracted directly from a small piece of brain tissue,
which thus contains DNA from all of the cell types within that piece of brain tissue. A private somatic mutation is a mutation that is uniquely identified in a single cell. In terms of complexity, ‘simple to
perform'’ refers to a method that requires minimal time (<1 week), expertise, and/or cost (<$100), such as a Sanger sequencing validation experiment, while ‘complex to perform’ refers to a method that
require significant time (>1 week), expertise, and/or cost (>$100), such as an NGS sequencing experiment.

Recent WES studies have used DNA extracted mainly from
blood to identify somatic mutations that occurred relatively early
in development, but there is also interest in testing DNA extracted
from postmortem brain tissue to identify somatic mutations that
occurred later'®. An initial study used targeted deep sequencing of
DNA extracted from 55 postmortem ASD brains to detect SNVs
in 78 known ASD candidate genes, identifying deleterious somatic
mutations in two people with ASD and one with Fragile X premu-
tation®. Histopathological studies of postmortem ASD brains have
also demonstrated ‘patches’ of disorganization in the prefrontal and
temporal cortex of some people with ASD''*'", which have been

1510

proposed to represent visible lesions due to somatic mutations.
Although further whole-genome sequencing studies are needed to
quantify the rates and characteristics of somatic mutations in ASD
brain, such mutations have the potential to provide insight into crit-

ical cell types or brain regions for ASD pathogenesis''®.

Intellectual disability

Syndromic intellectual disability (ID), such as Cornelia de Lange
syndrome, which is characterized by ID, growth retardation,
facial dysmorphism, and limb reduction defects, has been asso-
ciated with somatic mutations in case reports'*'*’. Similarly to
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ASD, severe ID, which occurs in 0.5% of newborns, is genetically
heterogeneous, including contributions from de novo CNVs and
SNVs, autosomal recessive variants, and X-linked variants'”. In a
study using whole-genome sequencing of 50 trios to identify de
novo mutations in severe ID, three de novo SNVs in candidate ID
genes were validated as mosaic'’. Recently, additional analysis of
this dataset revealed that 6.5% of a subset of presumed de novo
germline mutations actually validated as mosaic mutations'*.
An additional four presumed de novo germline mutations were
inherited from a mosaic parent. More broadly, mosaic structural
abnormalities were recently detected in ~1% of 1,303 children with
developmental disorders'**. Thus, as with ASD, careful analysis of
NGS data is revealing that somatic mutations represent an under-
recognized source of de novo variation in ID, but future NGS
studies with higher coverage are needed to fully explore somatic
mutations in ID.

Schizophrenia

As we uncover a role for somatic mutations in ASD and ID, it is of
interest to investigate whether such mutations play a role in other
neuropsychiatric diseases like SCZ, which also has high heritability
(~80%'*). Early studies using fluorescence in-situ hybridization sug-
gested an increase in somatic aneuploidy of chromosomes 1, 18, and
X in SCZ compared to control brains'**'”’, and a recent study using
comparative genomic hybridization arrays revealed somatic CNVs
across multiple chromosomes—including regions containing SCZ
candidate genes—in SCZ compared to control brains'**. In contrast,
a larger study analyzing DNA extracted from blood using SNP arrays
noted no difference in mosaic CNVs in SCZ cases compared to con-
trols'®. Recently, two studies implicated somatic L1 retrotransposi-
tion in SCZ. The first study used quantitative real-time PCR to show
substantially increased L1 content in bulk prefrontal cortex and neu-
ronal cells of SCZ cases compared to controls'*’. The second, larger
study used L1 amplification and sequencing to similarly note a sub-
stantial increase in intragenic novel L1 insertions in the dorsolateral
prefrontal cortex of SCZ cases compared to controls'’!. Additional
studies are needed to investigate somatic mutations in SCZ and
other neuropsychiatric diseases, which is a major focus of the Brain
Somatic Mosaicism Network recently formed by the NIMH'*~.

Clinical implications

Somatic mutations are not routinely tested for clinically and are tech-
nically difficult to detect. Currently, standard WES is becoming clini-
cally integrated and successfully diagnosing Mendelian disorders'*.
Deep NGS (at least 200X, ideally 500X) in an affected child and both
parents may more optimally detect somatic mutations®’, limited by
the tissue(s) available'. Identifying a disease-causing somatic muta-
tion provides a diagnostic explanation and has implications for fam-
ily planning. Recent studies have demonstrated that up to 5-10% of
seemingly de novo germline mutations are in fact somatic mutations,
which are associated with a low recurrence risk similar to the popula-
tion risk, and that a similar percentage are due to parental germline
or gonosomal mosaic mutations, which accumulate with age and
may be associated with a higher recurrence risk'*'*.

Studying somatic mutations is also important for developing
mechanism-based treatments for neurodevelopmental diseases. As
with cancer’, somatic mutations can point to critical signaling path-
ways to target. FCD and HME are largely caused by somatic muta-
tions that abnormally activate the mTOR pathway. Thus, mTOR
pathway inhibitors such as everolimus are attractive candidates for
these diseases, and a clinical trial evaluating everolimus for FCD
and TSC patients is ongoing (NCT02451696).

Conclusions and future directions
We have recently come to appreciate the importance of somatic
mutation in neurodevelopmental disease using NGS and single-cell
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sequencing methods. Future studies need to optimize methods
for detecting and validating somatic mutations, currently associ-
ated with several challenges (Table 3), to fully explore the rates and
characteristics of somatic mutations across the genome in normal
and diseased human brain. Hopefully, such studies will identify
the threshold for disease (since we know somatic mutations as low
as 1% AAF can cause disease'!) and uncover genetic etiologies for
currently unsolved cases, which may include mutations in introns
or noncoding regions, mutations in exons below current detection
thresholds, or epigenetic mechanisms. In addition, future studies
need to leverage identified somatic mutations to further our under-
standing of normal and abnormal brain development. Integrated
analysis of the genome and transcriptome of single cells and in situ
analysis of somatic mutations may illuminate critical cell types and
brain regions for pathogenesis'*>'**. Functional studies of somatic
mutations using genome editing in animal models and human
induced pluripotent stem cells (hiPSCs) may elucidate underlying
mechanisms. hiPSCs are an especially attractive model: in contrast
to static human brain samples, hiPSCs allow dynamic investigation
of the molecular and cellular processes that lead to abnormal brain
development, including in three dimensions using cerebral organ-
oids'’, and they retain the genetic signature, including somatic
mutations, of the somatic cell they were derived from'*. hiPSC
models have already provided insight into monogenic neurodevel-
opmental disorders, particularly Rett syndrome, as well as complex
disorders, including ASD, associated with somatic mutations'”. In
the coming years, we believe that somatic mutations will further
emerge as a powerful tool for understanding human brain devel-
opment and disease, improving our ability to diagnose and treat
patients with a range of neurological diseases.
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