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Background: Genetic mutations that cause human disease are conventionally considered to be
inherited from one’s parents and present in all somatic (body) cells. We do know, however, that most
mutations that cause cancer arise somatically, and we are becoming increasingly aware of mutations
that cause other diseases and that arise de novo, meaning they are undetectable in the parents. Some
such de novo mutations arise in the gamete of a parent, but some arise after fertilization during
embryonic development, generating somatic mutations. Somatic mutations occur in several neurode-
velopmental diseases associated with epilepsy, autism spectrum disorders, and intellectual disability,
although their broader relevance for neurological disease is unknown.

Advances: A key recent advance
has been the increasing identi-
fication of somatic mutations in
affected tissues. For example,
somatic mutations in several genes
(PIK3CA, AKT3, and mTOR) cause
enlargement of just one hemisphere
of the brain, a malformation called
hemimegalencephaly that is highly
associated with epilepsy. These
mutations may or may not be found
in the blood, the convenient source
tissue for DNA analysis, thus pre-
senting a challenge to disease gene
identification. Remarkably, patients
can show dysfunction of essentially
an entire half of their cerebral cor-
tex when only 8 to 35% of the brain
cells carry the mutation, suggest-
ing that a minority of cells with a
somatic mutation can disrupt the
function of widespread cortical
circuits. These discoveries suggest
that somatic, perhaps brain-only,
mosaic mutations may be important
for other neurodevelopmental dis-
eases. However, finding the muta-
tions and the affected cells may
require special study designs and
technology.

In parallel with the discovery
of somatic mutations responsible
for neurological disease has been a
continuing interest in the possibility
that somatic mutations may occur
in brain cells during normal devel-
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Cortical development—origins of pyramidal neurons and
astrocytes in the cerebral cortex. (A) A neuroepithelial cell (red)
at the ventricular zone serves as progenitor for both a pyramidal
neuron (green-blue) as well as a radial glial cell (gold). (B) A newly
differentiated neuron (blue) migrates along a radial glial process.
(C) Neurons (blue) continue to migrate as intermediate progenitor
cells (small yellow) form. (D) Intermediate progenitor cells begin to
generate neurons (blue). (E) The progenitor cells in the ventricular
zone begin to give rise to astrocytes (dark green). Interneurons (pur-
ple) generated elsewhere migrate tangentially. CP, cortical plate; 1Z,
intermediate zone; VZ, ventricular zone. The VZ early in development
has a thickness of ~10 cell bodies (50 to 100 pum). The CP ranges
in thickness from two to three cell bodies at the earliest stages of
development, eventually forming a mature cerebral cortex that is 2
to 4 mm thick.

opment. New technologies, such as the study of the genomes of single neurons, promise to address
some of these questions by allowing the systematic analysis of all types of somatic mutations in normal

and diseased tissue.

Outlook: The role of somatic mutation in neurological disease is only beginning to be explored and
may have relevance to many types of conditions from brain malformations to epilepsy, intellectual dis-
ability, and autism. Novel, highly sensitive technologies will allow more accurate evaluation of somatic
mutations in neurodevelopmental disorders and during normal brain development.
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BACKGROUND READING

Somatic mutations that activate the signaling
kinase AKT3 and related genes suggest mechanisms
for the neurodevelopmental malformation hemi-
megalencephaly. Sequencing of individual cells
from a patient with a mutation has shown that an
early progenitor in the developing brain was the
site of mutation.
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Genetic mutations causing human disease are conventionally thought to be inherited through the
germ line from one’s parents and present in all somatic (body) cells, except for most cancer
mutations, which arise somatically. Increasingly, somatic mutations are being identified in diseases
other than cancer, including neurodevelopmental diseases. Somatic mutations can arise during
the course of prenatal brain development and cause neurological disease—even when present at
low levels of mosaicism, for example—resulting in brain malformations associated with epilepsy
and intellectual disability. Novel, highly sensitive technologies will allow more accurate evaluation
of somatic mutations in neurodevelopmental disorders and during normal brain development.

ith the exception of cancer, human ge-
Wnetic diseases have been until relative-
ly recently thought to reflect inherited

DNA variation. Inherited mutations are present
in the parent (or parents) and in all tissues of
the affected individual (Fig. 1, A and B). Hence,
they can be conveniently assayed in any tissue of
the body, including readily available peripheral
blood. Even though inherited mutations are present
in essentially all cells, they may affect some tis-
sues more than others, depending upon where
and when the gene involved has its essential roles.
Increasing evidence shows the importance of
“de novo” mutations—those present in affected
offspring but not detected in the parents—in
neuropsychiatric and pediatric disorders (1-8).
These de novo mutations are typically present
in the sperm or egg of one parent and yet are not
detectable in blood taken from the parents; once
transmitted to the embryo, they are present in all
tissues of the offspring (Fig. 1, C and D). Whole-
exome sequencing studies have shown that most
individuals have one or two spontaneous muta-
tions in the exome (the part of the genome en-
coding proteins) that are not present in their
parents, but in individuals with neurodevelop-
mental and neuropsychiatric conditions [such as
autism spectrum disorders (ASDs)] these de novo
mutations are more likely to be damaging, sug-
gesting that some of these de novo mutations
cause disease (1, 4, 5, 8). In fact, mutations that
greatly increase the risk of neurodevelopmental
or neuropsychiatric disease—even when only one
of the two alleles of a gene is affected (heterozy-
gous mutations)—appear to arise de novo most
of the time and are inherited relatively rarely.
This is not unexpected because individuals with

*Department of Neurology, Boston Children’s Hospital, Boston,
MA 02115, USA. 2Department of Neurology, Harvard Medical
School, Boston, MA 02115, USA. ®Division of Genetics, Manton
Center for Orphan Disease Research, and Howard Hughes Med-
ical Institute, Department of Medicine, Boston Children’s Hospital,
Boston, MA 02115, USA. “Program in Biological and Biomedical
Sciences, Harvard Medical School, Boston, MA 02115, USA.

*Corresponding author. E-mail: christopher.walsh@childrens.
harvard.edu

www.sciencemag.org SCIENCE VOL 341 5 JULY 2013

these disorders are less likely to bear offspring,
placing the disease-causing mutations under
strong negative selection. Because affected people
thus rarely transmit the mutation to children, the
presence of the disease reflects the ongoing
appearance of new mutations.

Disease-causing mutations can also occur
during the mitotic cell divisions that generate the
embryo after fertilization and zygote formation.
These mutations lead to individuals who are mo-
saic, with only a subset of their cells harboring
the mutation (Fig. 1, E and F). These mutations
are de novo in the sense that they are not detec-
table in the parents of the affected individuals but
are more specifically termed somatic mutations.
Somatic mutations can give rise to cancer (9), as
well as noncancerous diseases. Noncancerous
somatic mutations that occur during develop-
ment may affect cell proliferation, as would be
the case in cancer, or they may simply alter cel-
lular function without causing a proliferative ef-
fect. There are estimates that the mutation burden
in somatic cells is quite high, and estimates based
on known mutation rates suggest that every cell
division creates some form of genetic variation,
which may or may not have an effect on cellular
function (10, 11). Several recent studies have even
suggested that the brain may harbor widespread
somatic mutations, in the form of aneuploidy or
retrotransposon insertions, perhaps as part of its
“normal” development (12-14). If somatic mu-
tations, especially in brain cells, do play a role in
“complex” diseases (that is, diseases with genetic
influences that are non-Mendelian), detecting
them represents a substantial challenge with cur-
rent sequencing strategies that mainly analyze
blood DNA.

Here, we will review the present state of data
about somatic mutations in human neurological
disease. We highlight the recent identification of
disease-associated somatic mutations present
in the brain but undetectable in the blood of the
same patient (Fig. 1, G and H) and discuss the
challenges of identifying such rare mosaic mu-
tations. We further discuss how emerging tech-
niques will allow more refined study of the types

a A

and rates of somatic mutation and genomic var-
iation in the brain.

“Obligatory” Somatic Mosaic Disorders?

Severe genetic diseases that are not compatible
with survival or fertility would be expected to be
preferentially or exclusively caused by either re-
cessive mutations or dominant de novo (detect-
able in the affected child but not the parents)
mutations. This is because recessive mutations
that affect survival or fertility in the homozygous
state can persist in the population in a heterozy-
gous state, whereas severe dominant mutations
cannot be passed to offspring when present in
enough cells to cause severe disease in a parent.
From this, we would predict that for any disease
caused by a dominant mutation the ratio of spo-
radic cases caused by de novo mutations to cases
caused by inherited mutations as seen in recurrent
familial cases should correlate with the severity
of the disease’s effect on survival and fertility.
The most deleterious mutations that are not
compatible with embryonic development might
even be found only as somatic mosaic and not
as inherited mutations.

Indeed, there are numerous examples of
diseases spanning the spectrum of severity that
follow these predictions. Proteus syndrome is a
severe syndrome characterized by multiple over-
growths of the skin, bone, connective tissue, and
other tissues caused by a dominant somatic mu-
tation in the gene encoding serine-threonine pro-
tein kinase B a (PKBa), AKT1 (15). It has never
been reported to be recurrent in a family or to be
heritable across generations, which is consistent
with its severity in the mosaic state and likely
incompatibility with survival if it were inherited
and present at the zygote stage. The multiple
lesions of Proteus syndrome contain between
1 and 50% mutant cells, suggesting that a small
fraction of abnormal cells can induce a lesion
(15). McCune-Albright syndrome is often cited
as an example of a severe disease caused by so-
matic mutation (in the gene encoding the guanine
nucleotide binding protein, alpha stimulating,
GNASL1) but not seen as familial inherited cases,
which is likely due to the incompatibility of in-
herited mutations with embryonic development
(16). Maffucci syndrome is another example of
a severe overgrowth syndrome, characterized by
multiple cartilaginous tumors, seen only as spo-
radic cases caused by somatic mutation in the
gene encoding isocitrate dehydrogenase 1, IDH1
(17). Somatic activating mutations in the gene
encoding phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic subunit alpha, PIK3CA, are
the cause of congenital lipomatous overgrowth
with vascular, epidermal, and skeletal anomalies
(CLOVES) syndrome (18, 19). Similarly, somatic
activating mutations in the gene encoding guanine
nucleotide binding protein q polypeptide, GNAQ,
are associated with the lesions seen in the neuro-
cutaneous disease Sturge Weber syndrome (20). As
with the previous examples, these latter examples
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Fig. 1. Inherited, de novo, and somatic mutations causing neurological
disease. (A) A heterozygous mutation is inherited from one parent. This
mechanism is typical of autosomal dominant epilepsy. In this example, the mu-
tation originally presented in the mother, whose oocytes in turn carry the mu-
tation. (The mutation arose during gametogenesis in one of the parents of the
mother, top left.) It is present in the zygote and thus all cells of the affected
child. (B) This axial T1-weighted image from a MRI study of a patient with
inherited epilepsy appears normal. Individuals with dominantly inherited
epilepsies caused by mutations in genes encoding ion channels, for example,
have normal neuroimaging studies despite every cell carrying a mutation. (C)
A de novo mutation may arise sporadically during gametogenesis, in this case
spermatogenesis. This mechanism of mutation would be typical of a de novo
mutation in the gene SCN1A associated with severe myoclonic epilepsy of
infancy or LIS1 associated with lissencephaly. Even though every cell in the
individual carries the mutation, the predominant effects of the mutation de-
pend on the distribution of gene expression; in these examples, the brain is
primarily affected. (D) An axial T2-weighted MRI image shows the severe gyral
simplification—more pronounced posteriorly (the bottom of the figure)—that
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is associated with mutations in the gene LIS1. (E) An early post-zygotic mutation
results in a mutation present in most or all tissues of the organism (including the
leukocytes, which are generally assayed for clinical genetic testing) but in a mosaic
fashion, with only a portion of all cells in each tissue harboring the mutation. This
pattern, illustrated by the axial T1-weighted image in (F), has been observed in
mosaic cases of double cortex syndrome involving the gene DCX. Visible is the
extra band of gray matter underlying the normal-appearing outer aspect of the
cerebral cortex. Because DCX is required for normal migration of neurons from
the ventricular region deep in the brain to the superficial cortex, the cells carrying
the DCX mutation only migrate about halfway to the cortex and then arrest
their migration. (G) A late post-zygotic mutation will be present in only certain
tissues in a mosaic fashion, in this case apparently in half of the brain. This is
the pattern observed in some cases of HMG with somatic mosaic point mutations
in AKT3 and other related genes and somatic mosaic increase of copy number of
chromosome 1q. (H) This axial T2-weighted MRI image shows right-sided HMG,
characterized here by enlargement of the right hemisphere, abnormally thick
and dark-appearing gray matter anteriorly, heterotopic periventricular gray matter,
and abnormal white matter signal in the right hemisphere. (R, right; L, left).
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