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Abstract

The genetic underpinnings of the most common adult-onset neurodegenerative disorders (AOND) are complex in majority
of the cases. In some families, however, the disease can be inherited in a Mendelian fashion as an autosomal-dominant trait.
Next to that, patients carrying mutations in the same disease genes have been reported despite a negative family history.
Although challenging to demonstrate due to the late onset of the disease in most cases, the occurrence of de novo mutations
can explain this sporadic presentation, as demonstrated for severe neurodevelopmental disorders. Exome or genome sequenc-
ing of patient—parent trios allows a hypothesis-free study of the role of de novo mutations in AOND and the discovery of
novel disease genes. Another hypothesis that may explain a proportion of sporadic AOND cases is the occurrence of a de
novo mutation after the fertilization of the oocyte (post-zygotic mutation) or even as a late-somatic mutation, restricted to the
brain. Such somatic mutation hypothesis, that can be tested with the use of novel sequencing technologies, is fully compatible
with the seeding and spreading mechanisms of the pathological proteins identified in most of these disorders. We review here
the current knowledge and future perspectives on de novo mutations in known and novel candidate genes identified in the
most common AONDs such as Alzheimer’s disease, Parkinson’s disease, the frontotemporal lobar degeneration spectrum
and Prion disorders. Also, we review the first lessons learned from recent genomic studies of control and diseased brains
and the challenges which remain to be addressed.
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Introduction

The etiology of most of the adult-onset neurodegenerative
disorders (AOND) is considered multifactorial, including
genetic and environmental factors. In certain proportions of
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patients, the disease can, however, be inherited as a Mende-
lian trait, i.e., monogenic forms (Box 1). An autosomal-dom-
inant pattern of inheritance is the most frequently encoun-
tered, so that family history is often positive for the same
disorder. Such monogenic forms may be associated with
extreme phenotypes and early ages at onset, but this is not
always the case. The existence of patients with an extreme/
early onset of AOND and a negative family history indi-
cates that this disease is not always transmitted in an auto-
somal-dominant fashion. Autosomal recessive inheritance
explaining the disease in some of these patients has been
described, for example, in patients with Parkinson’s disease
[62], but in some patients, causal mutations were observed in
autosomal-dominant genes known to cause AOND [62, 83,
116, 168]. The primary hypothesis is that these mutations
appeared in the germline of these probands as de novo muta-
tions (DNMs). To prove this, however, analysis of parental
DNAs is required. As the disease onset even in these extreme
cases occurs relatively late in life, one of the main practical
challenges is access to parental biological samples [148].
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The advent of massive parallel sequencing (also called
next-generation sequencing, NGS) has allowed researchers to
assess the de novo paradigm in sporadic AOND in a genome-
wide manner using whole genome (WGS) or whole exome
sequencing (WES). Sequencing of affected patients and their
unaffected parents in a trio study design enables the identi-
fication of 1-2 DNMs per exome on average (for review see
[3, [175] (Fig. 1a). This study design was originally applied
to sporadic early-onset neurodevelopmental disorders and
revealed a high genetic heterogeneity with many different
genes affected by DNMs [42, 44, 69]. Although the applica-
tion of the trio study design to sporadic AOND is limited by
the access to parental biological samples, recent successful
applications were published on Alzheimer’s disease (AD),
Parkinson’s disease (PD), and amyotrophic lateral sclerosis
(ALS) [37, 58, 84, 148, 162, 173].

Beyond germline mutations, there is now clear evidence
that the human genome is mutable at any step of the devel-
opment and during the entire life (Fig. 1b). In AOND, a
putative role for somatic DNMs is currently being assessed
[105, 112, 152]. The mechanisms of seeding and spread-
ing of pathologic misfolded proteins are shared by multiple
AOND:s. It is thought to be a key mechanism explaining
the irreversible progression of neurodegeneration through-
out the brain [126]. In theory, a small amount of pathologic
seeds synthesized by a “colony” of neurons carrying a given
somatic variant could be a source of spreading of a patho-
logical protein throughout the brain. The hypothesis that a
putatively causal DNM could have happened after the fer-
tilization of the egg (post-zygotic mutation) or even later
during the development (late-somatic mutation) has been
evoked quite early in the recent history of human genetics
[183]. However, it remained difficult to assess until recently,
because of technological limitations. Novel sequencing tech-
nologies now enable researchers to address this question
accurately.

In this review, we report and discuss the existing evidence
of de novo germline mutations identified in the most com-
mon AONDs as well as the increasing interest in the search
for post-zygotic variants as candidate causal mechanisms in
some patients with a sporadic presentation.

Indirect arguments

The later a Mendelian disorder manifests in life, the more
challenging it is to provide evidence of a de novo occur-
rence of causal mutations, because of reduced availability
of parental samples. However, the late onset also has another
effect: a significant difference between AOND and severe
early-onset neurodevelopmental disorders—which have been
shown to be largely caused by DNMs—is that AOND caus-
ing mutations do not affect the ability of the carriers to have
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children. Hence, pathogenic DNMs can be transmitted to the
offspring. As with all genetic variants, mutations segregating
in families arose de novo at a given date in a given individ-
ual. Hence, founder effects can be identified, and, eventually,
it may be possible to date the original (de novo) mutation. A
few of the recurrent mutations causing autosomal-dominant
Alzheimer’s disease (AD) have been subjected to the study
of a putative founder effect. The most famous one is cer-
tainly the Colombian PSENI p.E280A mutation. Identity-
by-descent analysis of the genomic sequence of 102 indi-
viduals originating from Antioquia provided the estimation
of the DNM occurrence to 15 generations ago, back in the
early 16th century [87]. Another well-known example is the
Parkinson’s disease-associated p.G2019S LRRK?2 mutation,
which is known to be present on different haplotypes sug-
gesting different founders. One of them was estimated to
have occurred 159 generations ago in a Berber founder [20].
The identification of recurrent mutations in autosomal-dom-
inant genes in the absence of a founder effect or evidence for
multiple founders points to the regular occurrence of DNMs
in these genes. For example, the PRNP p.P102L and the
p-D178N mutations have been reported in multiple pedigrees
on different haplotypes and indeed recently DNMs have been
identified at these positions [81, 182] [8, 41]. Likewise, the
recurrent SNCA p.A53T mutation has been shown to have
occurred on different haplotypes as well as genuine de novo
events [77, 134, 136]. In addition to point mutations, other
genetic variations such as copy number variations (CNVs,
genomic deletions or duplications) may also occur de novo.
The existence of shared breakpoints mapping to short tan-
dem repeats on chromosome 21 among different families
carrying diverse sizes of APP duplications indicates that
multiple recurrent de novo duplications can cause mono-
genic forms of AD [149]. We can find similar evidence in
synucleinopathies with SNCA copy gains (duplications and
triplications) [147, 186].

Methods and strategies for the detection
of de novo mutations in AOND

De novo mutations may occur in any cell. When a DNM
occurs in a parent’s germ cell, it is present in the fertilized
oocyte and hence in every cell of the individual born from
the development of this oocyte (Fig. 1b). Detecting a ger-
mline DNM is therefore relatively easy, requiring just a lit-
tle bit of DNA from any tissue of the patient and his or her
parents. Traditional and next-generation sequencing tech-
nologies allow the detection and validation of such mutation
with a mutant: wild type allelic ratio of 1:1 (Table 1) in the
patient, whereas the mutation should be absent in the DNA
of both parents. In addition, it is important to check concord-
ance of the patient—parent trios through segregation analysis
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Fig.1 Germline, post-zygotic, and late-somatic de novo mutations: sta-
tistics, detection methods and their putative role in adult-onset neurode-
generative disorders. a Next-generation sequencing (NGS) consists of
the massively parallel sequencing of short DNA fragments. This can be
applied to the whole genome (WGS) or to targeted regions after the cap-
ture of regions of interest. For example, the capture of all coding regions
allows the sequencing of the whole exome (WES). Whole genome
sequencing (WGS) unveils around 4,000,000 variants (single nucleotide
substitutions and short insertions and deletions) per individual genome.
Among them, about 20,000 are located in the exons or canonical splice
sites and hence detectable by WES. The trio study design consists of
WGS or WES of a proband and his/her unaffected parents. After sub-
traction of all proband’s variants which were inherited from the parents,
the variants that remain in the analysis are specific to the proband and
are called de novo mutations (DNMs). WGS trio studies showed that
about 60-80 high confidence DNMs can be identified per individual.
Among them, 1.5 on average fall into the exome. b Among the DNMs
identified per WGS of trios, about 7% have been shown to arise after
the fertilization of the egg. These mutations are called post-zygotic or
somatic mutations. During the entire life, every replicating cell can be
affected by a novel mutation, giving rise to a colony of cells carrying

this mutation. These mutations can arise lately in the development and
during adult life, and possibly concern a single organ (late-somatic
mutations). At most, a somatic mutation can concern a single cell.
Although DNA replication is a main source of mutations in replicat-
ing cells, it has been shown that neurons, which are post-mitotic cells,
can also be affected by novel, single cell mutations. These mutations are
enriched in highly transcribed DNA regions, suggesting that neuronal
activity can favor the occurrence of somatic mutations. DNMs can affect
any genomic region. Hence, the nature of the biological consequence,
if any, depends on the nature of both the region and the nucleotide
change. While most of the DNMs do not have any significant biologi-
cal consequence and do not cause any disease, some can result in a rare
monogenic disease or modify the risk of developing a given disorder.
In adult-onset neurodegenerative diseases, pathogenic DNMs have been
mostly identified in known autosomal-dominant genes, such as PSENI
in Alzheimer’s disease, FUS in amyotrophic lateral sclerosis, or PRNP
in Prion disorders. The most compelling evidence comes from germline
DNMs, identified either by targeted genetic screening or by WES. In
addition, WES studies revealed DNMs in novel candidate genes, but
their rarity does not yet allow the measurement of their contribution to
the disease etiology in these patients
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Table 1 Main techniques for the detection of de novo mutations: pros and cons

Germline DNM

Post-zygotic DNM

Sanger sequencing
Targeted NGS (~ 100x)

Restricted to a few genes

Restricted to selected genes

Can be analyzed affordably and at high throughput

Standard WES (50-100x)
Standard WGS (15-30x%)

All coding regions, hypothesis free

Better sensitivity for structural variations
Relatively expensive

Deep NGS*

All coding and non-coding regions, hypothesis free

Not much added value compared to standard depth NGS

Lack of sensitivity for mutations present in <20% of cells

Restricted to selected genes, but able to sequence many
samples affordably
Detection of mutations possible if present in> 10% cells

Detection of mutations possible if present in> 10% cells

Detection of mutations possible if present in>20% cells
Relatively expensive

Increased sensitivity

Cost increasing with the number of genomic regions
sequenced

Not affordable for WGS

DNM de novo mutation, NGS next-generation sequencing, WES whole exome sequencing, WGS whole genome sequencing

“Targeted, WES, or WGS. Note that the use of unique molecular identifier (UMI) may increase the accuracy of the variant calling for low-level
mosaics by allowing the trimming of PCR duplicates and hence help distinguish true variants from PCR errors

to preclude false discovery of a DNM (e.g., false paternity).
In AOND, the access to the parental samples remains an
issue, limiting the detection of genuine DNMs. For these
reasons, in a high proportion of the sporadic cases with a
likely penetrant variation in a Mendelian gene, the evidence
of the de novo occurrence could not be provided (e.g., [16,
85]).

The use of WGS or WES with a trio study design allows
the detection of DNMs in a hypothesis-free way. DNMs can
be detected in any gene, opening the way to the discovery
of novel causal genes. Every individual genome contains
around 4.1-5.0 million SNVs or indels as compared to
the reference genome, of them, 20,000 on average map to
the exons and can hence be detected by WES [3]. Of these
20,000 exonic or splice site variants, around 1000 are con-
sidered rare variants as they occur in less than 1% of the
normal population. Sequencing a single exome or genome
then faces the need to filter and prioritize these rare variants
with the hypothesis that one of them could be causative. In
sporadic diseases where the hypothesis that the cause could
be a DNM, the bioinformatics subtraction of all variants
identified in a proband that are also present in the parents
(inherited variants) unveils the proband-specific variants,
i.e., the DNMs [179]. On average, 40-80 DNMs can be
identified per genome, of them 1-2 map to the exons ([3],
Fig. 1a). This reduced number of candidate variants allows
for a very effective follow-up in both research and diagnos-
tics. For these reasons, trio-based patient—parent studies are
now routinely carried out in medical genetics. Sequencing
dozens of patient—parent trios may often turn out to be more
powerful than sequencing hundreds of simplex cases of spo-
radic disease.

In clinical practice, the inclusion of a trio for a WES in
the context of an AOND requires that (1) the parents are
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unaffected (2) there is no further family history in other
generations, to reduce the risk of alternative mechanisms
such as variants with reduced penetrance, (3) the parents are
clinically accessible. This latter point is mandatory, both for
checking the absence of disease and for DNA sampling after
informed consent. In diseases with an onset after 50 years,
it can be basically challenging to recruit unaffected par-
ents with reduced mobility. Hence, only a small subset of
patients and unaffected parents can be sampled, with a sig-
nificant effort and organization being required to recruit each
trio. However, one can hypothesize that the development
of genomic medicine will be associated with a dramatic
increase in the number of individuals undergoing WES
or WGS during their lifetime, contributing to the success
of future trio studies. Similarly, the development of large
nationwide biobanks such as the UK biobank may in the near
future also be very helpful for retrieving the genomic data of
parents from tomorrow’s patients.

When a DNM occurs after the fertilization of the oocyte,
this mutation is considered a post-zygotic DNM. When these
post-zygotic DNMs occur early in the embryonic develop-
ment, they may be present in majority of the individual’s
cells, in tissues resulting from all three embryonic layers.
Although post-zygotic and somatic mutations both refer to
mutations being acquired during the lifespan of an individual
[23], we will here use the term post-zygotic for mutations
which have occurred during the early development, leading
to their presence in most tissues from two or all three layers,
and late-somatic mutations for those having been and being
restricted to a single tissue, such as the brain. In addition,
post-zygotic mutations may be transmitted to the offspring
when present in the germline (germline or gonadal mosai-
cism) and explain how a germline heterozygous dominant
de novo mutation may be present in affected sib pairs and
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appear to be absent in the parents. A combination of ger-
mline and somatic mosaicism (gonosomal mosaicism) can
have clinical consequences or not in the carrier [23, 32].

WES and WGS technologies are based on the multiple
sequencing of every base by multiple short reads in a paired-
end sequencing manner, i.e., the sequencing of both extremi-
ties of a DNA fragment. The number of reads per position
defines the depth of coverage. Most WES and WGS studies
are performed with a depth of coverage allowing a high con-
fidence in the detection of germline homozygous (~ 100% of
alternate reads) and heterozygous (~50%) variants. When
the alternate: reference allelic balance is different from these
expected ratios, the existence of a post-zygotic DNM can
be suspected [1]. However, technical artifacts are the main
source of such altered allelic balances, reducing the accuracy
in the detection of post-zygotic variants. For these reasons,
specific bioinformatics tools and independent molecular
confirmations are required to confirm the presence of a
post-zygotic variant instead of a sequencing artifact or a ger-
mline DNM. It has been shown that 6.5-7.5% of the DNMs
detected in blood by WES actually occurred post-zygotically
[1, 96]. The lower the true allelic ratio is, the more difficult it
is to identify it reliably. Increasing the sequencing depth and
the use of unique molecule identifiers (UMI, allowing the
trimming of PCR errors) help to increase the confidence in
low fraction post-zygotic or late-somatic mutations (Table 1)
[3]. The technical aspects and implications of neuronal post-
zygotic mutations on aging have been recently reviewed
[151, 177] as well as their putative role in neurodegenera-
tive diseases [94]. The sequencing of DNA isolated from the
diseased tissue may help to identify late-somatic DNMs. In
AOND, the access to CNS tissue is highly limited in vivo.
Studies focusing on late-somatic DNMs must therefore rely
on autopsies of patients, including the input of brain banks.
For multiple reasons, despite the development of such brain
banks in many Western countries, the proportion of patients
undergoing full autopsy remains very low, limiting the use of
such facilities. In addition, it becomes clear that brain banks
should store not only brain tissue but also other tissues, to
allow a better characterization of post-zygotic events.

In addition to the detection of putatively causal post-
zygotic mutations, the same technologies can also be used to
search for (1) “back mutations” that reverse or partially cor-
rect a phenotype or (2) second-hit mutations that trigger the
disease in the presence of an additional inherited germline
mutation. Although examples of both mechanisms have been
described in other diseases such as skin diseases [124, 125],
cortical dysplasia [140] or the neurocutaneous disorder neu-
rofibromatosis type 1 [157], we could not find any example
in AOND. It could be that these mechanisms play a more
prominent role in rapidly dividing cells. Of note, the exist-
ence of an inherited genetic variant protecting against Prion
infection seems to be in line with this theoretical hypothesis

[12]. In addition, we cannot exclude a two-hit mechanism in
certain diseases. Of note, in the FTLD-ALS spectrum, sev-
eral genes share common mechanisms of RNA metabolism
perturbation [133]. One could expect that second-hit post-
zygotic mutations in the same pathways may increase such
pathogenic processes. This would even be consistent with
the hypothesis of a multistep process for the development of
ALS [5]. Likewise, in AD, any post-zygotic second mutation
that would modify the production, aggregation, toxicity or
clearance of the AP peptide could in theory influence the
disease progression [33].

De novo mutations in known
autosomal-dominant genes

Chromosomes and copy number variations

The major prevalence of Alzheimer’s disease and the pres-
ence of amyloid pathology observed very early in the life of
patients with Down syndrome [55] suggested that an extra
copy of the chromosome 21 might be sufficient to cause
the disease. The identification of duplications of the APP
locus (mapping to the chromosome 21) causing autosomal-
dominant EOAD (early-onset Alzheimer’s disease, onset
before 65 years) without Down syndrome [149] was of
major importance to confirm the amyloid hypothesis stat-
ing that the AP peptide aggregation, produced following the
processing of the APP protein, has a key role in AD patho-
physiology. As most trisomy 21 cases occur de novo, it can
be considered as the most common cause of DNM causing
sporadic AD, although occurring in patients with a genomic
disorder. The first de novo duplication of the APP locus,
not encompassing the critical Down syndrome region, has
been recently reported in a patient with neuropathologically
confirmed sporadic EOAD [148].

The study of CNVs in AD has been performed with
genome-wide screens by array CGH or SNP arrays in
patients with or without a family history [65, 150]. For
example, an array CGH screen performed in patients with
EOAD identified a few candidate CNVs, some of which
were identified in sporadic EOAD patients. Unfortunately,
segregation of these CNVs could not be assessed in parents
[150]. More recently, a de novo partial deletion of intron 1
of the BACE?2 gene was identified in a patient with sporadic
EOAD [148]. It has been hypothesized that this deletion
of highly conserved non-coding genic DNA could lead to
decreased non-amyloidogenic processing of APP, but the
functional consequences remain to be determined. In a WES
study of 522 EOAD cases including familial and sporadic
cases and 584 controls, a 17q21.31 duplication encompass-
ing the MAPT gene encoding the Tau protein was identified
in 4 probands [92]. In one of them, the duplication occurred
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de novo and the parents were indeed unaffected by any neu-
rodegenerative disease. This observation, together with the
segregation of the same duplication in one family with an
EOAD clinical presentation and the absence in controls,
was a strong argument suggesting causality. Interestingly,
although the patients were selected for an accurate diagnosis
of EOAD with clinico-biological arguments, this duplica-
tion may eventually cause a novel primary tauopathy, closely
linked but neuropathologically distinct from AD.

Overall and despite the major role of CNVs in human
genetics, only a few examples are known to cause autoso-
mal-dominant AOND. Of them, duplications or triplications
of the SNCA gene have been identified in families with Par-
kinson’s disease or Lewy body dementia. In three unre-
lated patients with Parkinson’s disease, increased dosage of
the SNCA gene was identified as a DNM (Supplementary
Table 4) [127, 128], present in 42-75% of oral mucosa cells
of these patients, and absent or present at very low percent-
ages in blood, indicating post-zygotic occurrence. However,
given the complexity of distinguishing post-zygotic muta-
tions from technical artifacts, it remains important to con-
firm these findings by independent technological approaches
(see also below).

De novo point mutations: an earlier age of onset
is associated with an increased DNM detection rate

Genetic analysis of sporadic patients presenting either an
early-onset AD or a late onset of AD (the most common
form) has been performed since the identification of the first
causative genes (e.g., [40, 155, 185] or even before, as a
candidate gene [180], but most of them were negative. The
first proven DNM in AD was a PSEN] pathogenic mutation
identified in the blood of a patient with a disease onset at
the age of 37 years, reported in the context of a screening
of 13 sporadic AD patients with a very early onset (before
51 years) [48]. Later on, two novel cases of PSENI DNMs
were reported [56, 130] so that more than 10 years after the
identification of the three known causal AOND genes APP,
PSENI and PSEN?2, only three pathogenic DNMs had been
published (Table 1).

Recently, the genetic screen performed on blood samples
of 129 sporadic patients with a very early age of onset (<51
years) revealed a mutation detection rate of 14% (18/129)
in the three known causal genes [88] (Fig. 2). Among them,
the pedigrees of six showed a censoring effect (meaning
that at least one parent died early, before the putative onset),
parental DNA was not available although no censoring effect
was noticed for nine, and parental DNA was available in ten
cases, demonstrating the de novo occurrence of the muta-
tion in each proband. Another screen performed by WES in
174 patients with sporadic EOAD starting between 51 and
65 years showed a much lower mutation detection rate of
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1.2% in these genes (parental DNA not available, [116]).
Taken together, this suggests that an earlier age of onset
is a good predictor of a pathogenic variant in one of these
genes and that such variants have a high probability to have
occurred de novo (Fig. 2).

In addition to these ten aforementioned DNMs [88, 148],
two additional PSENI DNMs have been published [35, 99],
as well as one post-zygotic PSENI DNM [18] adding up to
a total of only 14 DNMs ever reported as causing EOAD,
all but one in PSEN/! (Table 2, Supplementary Table 1). The
only PSENI post-zygotic DNM was identified in a woman
with estimated degrees of mosaicism in blood and cerebral
cortex of 8% and 14%, respectively [18]. She transmitted
the mutation to her daughter, showing that the mutation
encompassed gonadal cells. Notably, the mother presented
a dementia onset at 52 years together with Parkinsonism
and mild spastic paraparesis, whereas the affected daughter
already presented the first symptoms of neurodegeneration
at the age of 27, associated with dementia, cerebellar ataxia
and spastic paraparesis. As this is a single family observa-
tion, it is unclear whether this difference in disease onset can
be due to the germline vs. mosaic presence of the mutation
(Table 2, Supplementary Table 1).

Similar to AD, the percentage of patients with pathogenic
DNMs also seems to be highly correlated with the age at
onset in other AONDs. For example, a frequency of 1% FUS
mutation carriers was found among 500 cases with sporadic
ALS (mean age at onset: 60 years), including one DNM in
the blood of a patient with an onset at 36 years [167], but
higher FUS mutation detection rates were reported when
screening series of younger sporadic patients, as for exam-
ple, 3/11 (27%) [188] and 6/14 (43%) [67] in patients with
an age of onset of less than 25 and 35 years, respectively.
The FUS gene is the most recurrently hit gene by DNMs in
sporadic ALS with 9 different DNMs reported in 18 inde-
pendent cases (Table 3 Supplementary Table 2) [4, 17, 31,
38, 39, 45, 66, 67, 78, 93, 167, 188], compared to only one
in SODI [7], one in VCP [13], one in the novel gene ERRB4
[166] and two in the MAPT gene in the FTLD spectrum
[25, 117], including one shared by two siblings indicating a
mosaic DNM encompassing the germline in one parent [25].

Despite the difficulty to assess the de novo occurrence
of a pathogenic mutation detected in a Mendelian gene in
a patient with a sporadic AOND, we found a total of 49
published examples (Table 3, supplementary Tables 1-4).
The vast majority of them was reported in recent years, with
18 out of the 29 DNMs (62%) hitting “old” genes (APP,
PSENI, PSEN2, MAPT, SNCA, PRNP, SODI) having been
reported in the 2010s. This highlights an increasing interest
in sporadic AOND genetics, but it also indicates that novel
sequencing approaches and the trio-based study design are
successfully being used. The highest numbers of proven
DNM have been identified in sporadic early-onset ALS,
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Fig.2 Mutation detection rates in autosomal-dominant genes: the
example of early-onset Alzheimer disease. In sporadic patients with
the earliest ages of onset, the mutation detection rate was higher than
in patients with later ages of onset. This rate was mostly related to de
novo mutations. When ages of onset are later, the proportion of inher-
ited variants with reduced penetrance may increase. Note that the
majority of these presentations may be non-Mendelian (complex
determinism), whatever the age of onset. In familial presentations,
the mutation detection rates were the highest when the family history

especially in the FUS gene (all with a disease onset before
40 years). ALS is associated with a short life expectancy
following the diagnosis and young patients often present
with highly penetrant variants. This may have facilitated the
prioritization of pathogenic variants as well as the collection
of parental samples for demonstrating de novo occurrence.
Similarly, all patients with a proven DNM in a known Men-
delian AD gene had a disease onset before 50 years (range:
23-47 years). This may lead us to think that DNMs mainly
cause early-onset sporadic AOND. This observation, how-
ever, is impacted by the fact that it is almost impossible
to assess the role of DNMs in late-onset patients, because
parental DNA samples will mostly be unavailable. The low
mutation detection rates of known AOND causative genes
in older sporadic patients do, however, suggest that this is
not the only factor. It is well-known that early-onset severe

77%°¢ 2.2%°

suggested an autosomal-dominant transmission of EOAD (at least
two generations with EOAD). In other cases (proband with EOAD,
positive family history of Alzheimer disease with an onset after 65),
the mutation detection rates are very low. In these forms too, a com-
plex determinism is the most likely hypothesis. The mutation detec-
tion rates concern the three autosomal-dominant genes APP, PSENI,
and PSEN2. a Lanoiselee et al. [88] Plos Medicine 2017. b Nicolas
et al. [116] European Journal of Human Genetics 2016. ¢ Wallon
et al. [181] Journal of Alzheimer’s Disease 2012

disorders are more often monogenic and de novo in origin,
whereas late-onset diseases show more complex inheritance
[175].

Recurrence of DNMs

Among the AOND genes affected by DNMs, PSENI (AD),
FUS (ALS) and PRNP (Prion disorders) are mostly reported
(Table 2). Of the 11 missense PSENI DNMs reported, 8
mapped to genomic positions already identified by another or
the same causative mutation in families, and two additional
ones mapped to a same codon. Three DNMs in FUS were
identified as recurrent DNMs: one missense (¢c.1574C > T,
p-Pro525Leu in 8 patients) and two protein-truncating muta-
tions (one nonsense and one frameshift indel, each observed
twice as DNMs). Interestingly, four additional FUS DNMs
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Table 2 Summary statistics of causal de novo mutations reported in known autosomal-dominant genes of the most frequent adult-onset neurode-

generative disorders

Nosological spectrum  Gene

Number of germline DNM  Number of post- Age of onset

List of mutations and references

zygotic DNM (average, range)
Alzheimer’s disease PSENI 13 1 35.9 [23-52] Supplementary Table 1
APP (duplication) 1 0 44 Supplementary Table 1
FTLD-ALS spectrum  FUS 18 (ALS) 0 22.3[11-36] Supplementary Table 2
MAPT 4 0 39.25[3046]  Supplementary Table 2
(PSP, n=1; bvFTD, n=2;
EOAD-like: n= 1)
SOD1 1 (ALS) 0 20 Supplementary Table 2
vCcp 1 (ALS) 0 36 Supplementary Table 2
ERBB4 1 (ALS) 0 45 Supplementary Table 2
Prion disorders PRNP 5 1 28.25[18-34]  Supplementary Table 3
Synucleinopathies SNCA 1 3% 26.5 [18-35] Supplementary Table 4
(Parkinson’s disease)
Total 44 5 29.6 [11-52] Supplementary Tables 1-4

DNM de novo mutation, FTLD frontotemporal lobar degeneration, ALS amyotrophic lateral sclerosis

2All are increased copy numbers

affected genomic positions where the same change had
been reported as pathogenic in sporadic cases or families.
Although no parental data was available for those cases, it
still does indicate that these positions are affected by recur-
rent DNMs. In addition, two FUS DNMs are also present
in the gnomAD database consisting of genetic variations
identified in controls free of severe pediatric disease, with
a maximum allele count of 5 (out of ~ 138,000 individuals)
[95]. One of these was the recurrent nonsense DNM. This
suggests that, although cases with a DNM in FUS were all
young, the mutations may not be fully penetrant in other
genomic contexts. Of the six reported PRNP DNMs, includ-
ing one possibly post-zygotic mutation [8], all were reported
in additional independent cases or families [34, 41, 63, 81,
154]. This may suggest the existence of hotspots or recur-
rent mechanisms such as octapeptide repeat expansions in
the Prion gene.

Interestingly, no APP or PSEN2 SNV has ever been
reported as occurring de novo in a patient with AD. There
is no evidence of a higher mutability of the PSENI gene as
a whole [95, 153]. However, PSENI pathogenic variants are
more frequent in autosomal-dominant families and PSENI
mutation carriers exhibit an earlier age at onset on average,
compared to the other genes [88, 181]. This may help physi-
cians to get access to parental samples at the time of their
child’s diagnosis and introduce a bias in this analysis.

Repeat expansions
There are multiple examples of neurological disorders

caused by repeat expansions. Intra-familial instabil-
ity of such repeats has been identified in diseases such as

@ Springer

Friedreich’s ataxia, DRPLA or Huntington’s disease (for
review, see [129]). Such instability is a particular form of a
DNM that can lead to anticipation of the age of onset with a
few dramatic examples [61]. In the main AOND, GGGGCC
repeat expansions in the C9ORF72 gene are also subject
both to intra-familial and somatic instability [53, 164]. How-
ever, the ranges of repeat sizes conferring instability that can
be translated to a pathogenic expansion in the offspring or in
other cells of the body remain to be identified. By analyzing
blood and CNS samples of patients with ALS, it has been
suggested that such instability is not likely to be of suffi-
cient magnitude to result in a pathogenic expansion in the
CNS from a normal C9ORF72 repeat length in blood [120].
Similarly, ATXN2 intermediate repeat expansions have been
shown to increase the risk of FTLD—-ALS and have been
reported as somatically instable [86, 111, 174].

Monogenic causes in sporadic patients: alternative
hypotheses

Beyond the possibility of a DNM hitting a gene with an
autosomal-dominant pattern of inheritance, several alterna-
tive hypotheses remain consistent with a monogenic cause
for sporadic AOND patients. Most obviously, several forms
of sporadic early-onset Parkinson’s disease (PD) cases are
related to autosomal recessive inheritance—with early and
possibly clinically distinct clinical presentation—as is the
case for a few examples in FTLD-ALS or related, sometimes
clinically undistinguishable disorders [22]. In addition, in
PD, the identification of an inherited pathogenic mutation
in a dominant gene in a sporadic case is not uncommon [83].
Although some of the presentations are clinically distinct
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including an early onset, reduced penetrance has been iden-
tified for a subset of the genes and pathogenic mutations.
We could find only one detailed report of a likely DNM
in a known autosomal-dominant PD gene [136] (Supple-
mentary Table 4). Hence, sporadic presentations may be
more frequently due to autosomal recessive inheritance or
autosomal-dominant inherited mutations with reduced pen-
etrance rather than DNM in PD, aside from complex forms.
Although autosomal recessive inheritance is not uncommon
for known Parkinson’s disease genes, it remains unclear if
this will also be the case for the remainder of causal genes
to be discovered. A recently published WES study indicated
that this may not be the case [71]. Similarly, the patho-
genic C9ORF72 repeat expansion causing FTLD-ALS was
reported in 5% of sporadic cases [168] and may be much
more frequently inherited from an asymptomatic parent than
occurring de novo [108]. In AD, a few mutations have also
been reported as associated with reduced penetrance (e.g.,
APP p.A713T, PSENI p.A79V [88]) and only one mutation
in APP is considered causing AD in a homozygous state
[47].

Of note, in addition to autosomal-dominant variants with
reduced penetrance and autosomal recessive inheritance,
sporadic occurrence might also be related to di-, oligogenic
or a more complex inheritance. Some AOND such as AD
and ALS exhibit a high heritability as measured by compar-
ing concordant and discordant monozygotic and dizygotic
twin pairs (58-79% depending on the models for AD [52]
and 38-74% in ALS [6]), whereas this was more modest
in Parkinson’s disease (34%) [184]. In FTLD, it has been
estimated that in most of the cases, frontotemporal demen-
tia would be a genetic-based disease, even late-onset cases
[26]. The inheritance patterns may be more complex in
some instances, as suggested by the observation of dam-
aging TBK1 as well as OPTN mutations in a patient with
FTLD-TDP [132]. In AD, the high odds ratios of risk fac-
tors such as the common APOE4-4 genotype or rare vari-
ants in TREM?2, SORLI or ABCA7 in EOAD (for review,
see [113]) suggest that they contribute significantly to the
genetic component of EOAD in a complex determinism,
including sporadic and familial presentations. Likewise, in
Parkinson disease, high odds ratios associated to heterozy-
gous GBA variants suggested oligogenic inheritance in some
cases [100]. Although a complex etiology might be relevant
for a certain proportion of patients with sporadic AOND, it
remains difficult to predict which patients, based on clinical
criteria.

Looking for novel genes hit by de novo
mutations: whole exome sequencing of trios

The evidence that highly penetrant mutations can arise de
novo in known Mendelian genes was a proof of concept
allowing the assessment of the de novo paradigm at the
scale of the entire exome, looking for novel genes. As for the
known autosomal-dominant genes, applying the trio study
design requires the access to parental biological samples. To
date, six trio studies have been published: one in AD, three
in ALS, and two in PD, with a total of 247 trios included
(Table 3).

Sporadic early-onset AD: enrichment of DNM
in the AP network and in vitro characterization

After blood sampling of 14 patients with EOAD (mean age
at onset: 50 years) and their unaffected parents and CNV
screen by array CGH, WES of the 12 trios with no de novo
CNV revealed 12 de novo non-synonymous variants in 6
patients, including one of the above-mentioned PSENI
DNMs [148] (Table 3). A significant enrichment of non-syn-
onymous DNMs was found in a network of genes centered
on the AP peptide. Of particular interest, two novel genes
affected by DNMs were further studied: VPS35 and MARKA4.
In silico and in vitro studies showed a deleterious effect of
these DNMs with functional results being totally in line with
AD pathophysiology. The VPS35 missense DNM was shown
to result in reduced protein function and hence predicted to
result in increased A secretion. This mutation had strik-
ing different functional consequences than the previously
reported Parkinson disease-causing VPS35 variant, even
though both affected amino acids are located close to each
other in the protein sequence [148, 178, 187]. The MARK4
variant increased the phosphorylation of Tau in a key posi-
tion for Ap-mediated toxicity. The trio strategy pointed here
two novel genes, not previously related to AD genetics but
whose gene products are key players in AD pathophysiol-
ogy. One can hypothesize that they contributed significantly
to the development of the disease in their carriers, but their
penetrance cannot be assessed without segregation data in
the offspring of the carriers or recurrence in unrelated indi-
viduals, currently limiting the impact for genetic counseling.

Two independent studies in ALS reveal one
recurrently hit gene and pathway enrichment

In sporadic ALS, three trio studies using WES performed
from blood samples were published. A first study reported
47 trios (mean age at onset: 32.1 years) and identified 25
genes hit by non-synonymous DNMs [37] (Table 3). After
functional annotation, a significant enrichment in genes
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encoding chromatin regulators was found (5/25), including
the neuronal chromatin remodeling complex component
SSI18LI (also known as CREST). In a replication sample
of 62 WES of families with ALS, a novel missense SS/8L1
mutation was found in a proband. Both mutations inhibited
activity-dependent neurite outgrowth in primary neurons,
and CREST protein was associated with FUS in neurons.
In an independent screen of SS/8L/ in 87 patients with
familial ALS, two novel mutations were identified in unre-
lated probands [169], although one latter patient also pre-
sented a potential pathogenic mutation in the OPTN gene (a
gene associated with recessive or dominant FTLD-ALS).
Although the role of SS/8L1 and other genes hit by DNMs
in this first WES study remains to determined, this study
design unveiled good candidate genes to be studied further.

The second study enrolled 44 trios for WES (mean age
at onset: 46.1 years) including one patient with FTLD-ALS
(Table 3) [162]. Importantly, patients carrying pathogenic
mutations in known genes were not excluded, as two carried
a C9ORF72 repeat expansion, one a SOD/ mutation and one
a TARDBP mutation; these mutations were inherited from
an asymptomatic parent. Of 54 DNMs identified, 17 non-
synonymous or canonical splice site mutations were found
in 12 trios (or 15 mutations in 11 trios after excluding a trio
carrying a C9ORF72 repeat expansion with two non-syn-
onymous mutations, [162]). Taking into account both WES
trio studies together, one gene, CHRM I, was hit more than
once, by a novel missense [37] and a start loss DNM [162].
While very exciting, the interpretation of the role of CHRM 1
DNMs in ALS pathophysiology remains to be assessed by
functional analyses. In a similar in silico functional enrich-
ment analysis using the DAVID bioinformatics tool as in the
first study, the genes related to transcription regulation were
highlighted as enriched in DNMs [162]. These first two trio
studies performed on sporadic ALS highlighted the genetic
heterogeneity and the need to analyze multiple trios at the
same time or in the context of meta-analyses.

Recently, 82 additional sporadic ALS trios were reported
(WES, n=61; WGS, n=21) [173]. No additional recur-
rence was identified at the gene level. The interpretation
of results was conflicting with previous reports as global
analysis of all genes hit by non-synonymous DNMs among
the 173 published trios did not reveal any enrichment in the
previously identified categories of genes (chromatin regula-
tors, transcription regulation). Instead, an enrichment in the
phosphoproteins category was identified, and no increased
protein—protein interactions were identified as compared to
the known interactions among known genes.

@ Springer

Protein—protein interaction and recurrence
of variants in large cohorts of Parkinson disease
patients

One WES study was performed on 21 trios of early-onset
PD (onset before 40 years) [84] (Table 3). Twenty DNMs
(19 non-synonymous) were identified for which in silico
functional gene annotation and protein—protein interaction
analyses were performed using the STRING bioinformatics
tool. Three genes showed significant interactions with the
known PD genes: PTEN, VABP, and ASNA 1. Additional rare
variants were identified from exome data of more than 1200
cases from the International Parkinson’s Disease Genom-
ics Consortium (IPDGC). Although functional pathways
link PTEN to PD pathophysiology, the putative role of the
DNMs found in patients with PD remains to be elucidated.
In particular, the DNM identified in the replication sample is
predicted to result in a loss of function and hence supposed
to cause Cowden syndrome. In addition, while this variant
occurred de novo, the proband’s father was also affected with
PD, showing non-co-segregation. VAPB missense mutations
have been previously shown to cause autosomal-dominant
ALS. The patient identified in the PD trio study presented
an unknown in-frame deletion of one residue and two addi-
tional cases from the IPDGC dataset presented rare coding
mutations in the same domain as the one reported to carry
ALS-causative mutations. Whether or not these mutations
have a functional effect and are related to PD pathophysiol-
ogy remains to be determined.

Very recently, a trio-based WES study reported 39 early-
onset PD patients of Han Chinese origin [58]. After pri-
oritization of DNMs based on protein—protein interactions
and expression profiles in the brain, 12 genes were selected
for case—control sequencing analyses. Among them, NUSI,
which showed a splicing DNM in a proband, was enriched
in non-synonymous rare variants with an OR of 11.3 and a
p value approaching exome-wide significance (1.02 1073)
among 5089 cases and 4423 controls. In addition, a Dros-
ophila model expressing an siRNA against the fly NUS!
orthologue showed decreased climbing ability, a reduction in
dopaminergic neurons and a dramatic reduction in the brain
dopamine levels. Of note, all coding variants identified in
the replication case—control analysis were missense and their
inheritance was unknown, but the DNM mutation introduced
a splicing defect resulting in the frameshift deletion of 91 bp
of exon 3. This could suggest a haploinsufficient mechanism.
However, protein-truncating NUSI DNMs have previously
been reported in patients with global developmental delay
and seizures [60], two of them also had a tremor. In addi-
tion, a 6g22.1 microdeletion, the critical region of which
encompassed this gene, has been identified in patients with
early-onset seizures [165] and a homozygous missense vari-
ant resulting in a protein loss of function was reported in
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two siblings with a congenital glycosylation disorder [123].
Given the very early onset of neurological signs in the
NUSI DNM carrier in the PD study (16 years), the in-depth
phenotypic description of patients carrying DNM will be
of interest to better characterize the clinical expression of
these mutations, in addition to the replication in other WES
studies.

WES of trios in AOND: validation warranted

We found six trio studies applied to sporadic AOND
(Table 3), all with limited samples sizes: one in AD (14
trios), three in ALS (total of 173 trios), and two in PD (total
of 60 trios). Yet, the power of these strategies allowed the
identification of at least two novel genes in EOAD genetics
with a demonstrated functional effect (VPS35 and MARK4)
[148], one in ALS (SSI8LI) [37], and one recently in PD
(NUSI) [58]. Other variants, affecting genes not yet known
to be involved in the AP network in AD, or the recurrently
hit gene CHRM1 in ALS, might also be confirmed as truly
involved in further studies.

Although the extreme resolution of the trio study design
makes it a choice strategy in extreme presentations of spo-
radic AOND with no pathogenic variant in known genes, the
identification of a DNM in a patient with a sporadic AOND
is not sufficient to confirm its role in the disease etiology.
Validations are mandatory to confirm the involvement of a
novel gene identification through this process. Several strate-
gies can be proposed: (1) functional assessment of variants,
(2) recurrence in independent cases, (3) variant enrichment
in case—control studies.

1. Functional assessment of the impact of DNMs relies on
the previous knowledge on the disease pathophysiology
and mutated genes. It was possible to assess the role
of VPS35 and MARK4 mutations mostly because the
function of their gene products was well-documented
and because AD pathophysiological pathways, although
diverse, can all be linked to the amyloid cascade hypoth-
esis [33]. Regarding the SS/8L1 gene, the known expres-
sion in motor neurons was a strong argument to justify
its assessment, although the effects of the observed
mutations might not be specific to ALS pathophysiol-
ogy. In PD, although a direct functional link between
NUS]I and PD was not known, a use of a clear biological
read out in the Drosophila model (dopaminergic impair-
ment) pointed to the relevance of this gene [58]. It is,
however, very challenging to perform a systematic func-
tional assessment on all DNMs identified in a WES trio
study and therefore in most cases only strong candidates
are selected for functional validation.

2. The argument of recurrence, at the variant or at the gene
level, in patients with the same phenotype, is a key argu-

ment in human genetics. A good example of this is the
observation of recurrent DNMs in the CHRM gene in
ALS by the combination of the first two studies. How-
ever, it is important to assess the a priori probability of
a gene to be hit by multiple DNMs by chance, because
the DNM rate varies per gene, depending on character-
istics such as the gene size and the GC content [153].
The statistical rigor required to demonstrate a significant
enrichment of DNMs in a gene may require the analysis
of many hundreds to even thousands of trios [43], which
seems unrealistic in AOND. As discussed before, how-
ever, most of the AONDs are compatible with parent-
hood. As for PSEN1, APP, or FUS mutations, for exam-
ple, one could expect to find pathogenic mutations in
novel genes such as VPS35, MARK4, SS18L1, CHRM
segregating in families if these mutations are highly pen-
etrant. It may therefore be useful to perform replication
studies in large cohorts, whether or not the patients pre-
sent a positive or a negative family history, as performed
in PD and ALS studies [37, 58, 84]. However, without
sufficient segregation data as in the above-mentioned
examples, no conclusion can be drawn.

The recurrence of rare variants at the gene level can also
be assessed by association analysis in a case—control set-
ting, as successfully applied for NUS! rare variants in
PD [58]. WES or WGS data are rapidly increasing in
terms of sample sizes, allowing for powerful associa-
tion studies of rare variants. For example, about 5000
late-onset AD cases and 5000 controls have been exome
sequenced by the US governmental AD Sequencing
project (ADSP, [24]) and WES of 1779 AD cases and
1273 controls have been included in association studies
in France [19]. So far, genes affected by DNMs in trio
studies have not been reported to be significantly associ-
ated with AD in these association studies. Notably, the
major roles of TREM?2, SORLI and ABCA7 rare variants
have been highlighted in AD [19, 73, 91, 114, 163]. As
expected, an apparent inverse correlation was identi-
fied between the effect size at the gene level (measured
by the odds ratios, OR) and the cumulative frequency
of the variants in controls: the genes with the highest
OR (TREM2 > SORLI > ABCA?7) were hit by damag-
ing variants in the inverse order in terms of cumulative
frequency [19]. This observation, added to the full pen-
etrance of autosomal-dominant pathogenic variants that
are extremely rare in controls, is compatible with the
paradigm reported by Manolio et al. [101] and McCa-
rthy et al. [102] suggesting such inverse correlation for
most of the association signals which can be detected
using current methods. If DNMs identified in trio-based
studies eventually carry a strong effect, they are likely to
be extremely rare, so that association studies might fail
in reaching the 2.5 107° p value threshold required for
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exome-wide significance. Conversely, their extreme rar-
ity is not sufficient to postulate on penetrance. The trio
study design having an individual resolution, it remains
possible that mutations in novel genes might be present
only in a very limited number of cases in the world,
precluding any confirmation by identifying recurrences
leading to a significant association signal.

Lacking gene level evidence for most of the genes, WES/
WGS trio studies attempted to find enrichment of DNMs at
a larger scale by grouping genes into networks or pathways.
Although this approach adds evidence to the study model, it
does not allow the investigators to draw conclusions about
the role of individual genes. Even in cases of a demonstrated
functional effect, no genetic counseling can be provided to
the carriers’ offspring and to putative unrelated carriers of
rare variants in these genes.

Overall, when large series of patients with sporadic pres-
entations of extreme phenotypes of AOND were screened
for known Mendelian genes and by WES, a large proportion
remained genetically unexplained. The application of WGS
may further expand the spectrum of causal DNMs by allow-
ing for a better coverage of the exome, the identification
of non-coding DNMs as well as balanced and unbalanced
structural variants [54]. In addition, the recent development
of more sensitive and specific next-generation sequencing
applications has allowed researchers to test an alternative
hypothesis: highly penetrant post-zygotic DNMs might
explain part of these sporadic presentations.

Somatic mutations in adult-onset
neurodegenerative disorders

The hypothesis that a genetic mutation present in only a
proportion of the neuronal cells can cause a neurological
disease has been formulated quite early in the history of
AOND genetics [139, 180]. To date, most studies still focus
on the analysis of germline mutations present in all cells
by studying DNA isolated from a large proportion of blood
cells. However, recent improvements in sequencing technol-
ogies have enabled the accurate identification of post-zygotic
including late-somatic mutations present in subsets of cells
or even in single cells [3]. In different neurodevelopmental
disorders, evidence has been provided that post-zygotic or
late-somatic mutations can cause disease using a combina-
tion of technologies on different tissues [70, 141]. Some of
these mutations were detected in blood samples, indicat-
ing that they occurred early during development. One can
assume that post-zygotic mutations, if detected in multiple
tissues or with high allelic ratios in blood, might be present
in a significant proportion of brain cells. Hence, the level
of causality between germline and post-zygotic functional
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variants should be comparable. It is much more complex to
detect brain-specific somatic mutations. Autopsy of certain
AOND cases sometimes reveal widespread neuropatho-
logical lesions, which would be more in line with germline
causes of disease. A focal onset of disease, as seen in some
types of primary progressive aphasia in the FTLD spectrum,
on the other hand, suggests a role for late-somatic mutations.
Overall, in neurodegenerative disorders eventually affecting
a large part of the brain, one could assume that the causative
mutations must be present in a high proportion of brain cells
(neurons and/or glial cells). However, most of the AOND
share mechanisms called seeding and spreading. These fea-
tures, also referred to as Prion-like properties, are conferred
by proteins that can transfer their pathogenic state into wild
type, normally folded proteins (seeding) and then spread into
the whole brain following neuronal connections (for review,
see [126]. This phenomenon has been studied first for the
Prion protein itself. However, such properties are now being
characterized for Tau, AP, TDP-43, a-synuclein, or even the
Huntingtin protein even if they are not associated with a
spontaneous infectious propensity. Similar to an external
focal injection of pathologic proteins in animal models, one
can hypothesize that a small proportion of cells carrying a
somatic variant resulting in the production of a pathogenic
misfolded protein could be the source of a cerebral neuro-
degenerative disorder. Low-level mosaics should therefore
also be considered.

Lessons from control brains and clues
for the interpretation of somatic mutations in AOND

Recently, novel sequencing approaches provided critical
knowledge on post-zygotic variation in healthy control tis-
sues. The human genome is clearly not stable throughout life
and post-zygotic variants may occur in any cell at any time
(Fig. 1b). Replicating cells are particularly prone to somatic
mutations, with highly replicating tissues such as the skin or
hematopoietic tissue showing the highest somatic mutation
burdens. External factors may favor the occurrence of muta-
tions during the replication phase of the DNA, including
mutagenic agents such as radiation or toxic agents. Aging
seems to be the strongest risk factor influencing the accu-
mulation of somatic mutations during clonal hematopoiesis
[2]. We summarize hereafter the main points that we con-
sider of high importance for the analysis and interpretation
of somatic variants, following the study of normal and dis-
eased brains.

1. Post-mitotic neurons exhibit an unexpectedly high bur-
den of post-zygotic mutations. The use of single-cell
genomic approaches including WGS in neurons from
non-diseased brains unveiled an unsuspected amount of
post-zygotic mutations, including about 1500 somatic
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SNV per neuron [98]. Of them, some occurred dur-
ing fetal development [15, 75], but a higher burden
was detected in post-mortem adults [98]. Although the
number of single neurons that have been sequenced
remains limited (dozens or hundreds), the elevated rate
of post-zygotic SNV was quite unexpected as neurons
are post-mitotic lifelong cells and hence are not sub-
jected to errors during DNA replication, beyond the ones
putatively acquired during the divisions of progenitors.
Single neuron somatic SNV were mostly associated with
transcriptional activity, i.e., neuronal activity, contrary
to the variants shared by multiple cells in the brain or
tissues with a high replication rate [98]. In addition,
neurons may accumulate late-somatic mutations dur-
ing aging [97]. Whatever the associated mechanisms,
some of these events could result in the production of
an abnormal/misfolded protein, which could represent
a source of seeding and spreading in the brain, causing
a neurodegenerative disease.

Bulk brain tissue is a combination of replicating and
non-replicating, post-mitotic cells; sequencing genomic
DNA isolated from bulk brain tissue does not allow the
distinction between the cell types [64]. The identifica-
tion of very low-level mosaics from bulk brain tissue
does not imply that different cell types carry the muta-
tion of interest and that the mutated genes are expressed
in the mutated cells, hence leading to the production of
an abnormal protein.

Although the access to brain tissue is mandatory to
assess the somatic variant hypothesis thoroughly, study-
ing other tissues may be worth of interest. It has been
shown that mutations present in more than 5-10% of
the brain cells were generally also detected outside the
brain, in tissues derived from all three embryonic layers,
including the ectoderm, suggesting that these mutations
occurred during early phases of embryonic development
[98]. Although this still requires replication, this is a
strong argument for assessing other tissues, including
ectodermal tissues and blood, when cerebral tissue is
not available. The fact that some neuronal cells shared
more common cellular ancestors with cells from other
organs than the brain in one individual was also a sur-
prising but promising finding for deep-sequencing stud-
ies performed on other tissues than the brain in AOND.
However, every study performed from non-CNS tissue
will be facing the non-representativeness of the allelic
ratios eventually identified, and the lack of evidence
that a putatively causal mutation with a low allelic ratio
is really present in the affected neuronal cells. Impor-
tantly, recent results of single neuron WGS also raised
the question of thresholds: if a putatively pathogenic
mutation is found in a brain with an AOND, how many
neurons should carry it, among the tens of billions of

neurons in the brain [14], to be significant enough to
cause a widespread neurodegenerative disease?

Data from mouse models suggest that seeds from periph-
eral tissues like blood [28] or intestine [82] can spread
into the brain and cause a neurodegenerative disorder.
The presence of a pathogenic mutation in the brain cells
would hence not be mandatory to cause such a disease,
although one can assume that a significant amount of
pathological seeds should be produced to trigger an
AOND.

The study of somatic aneuploidy and CNVs still requires
technological improvements. Aneuploidy has been stud-
ied in AD brains for decades (for review see [9, 131,
145, 146], mainly thanks to slice-based cytometry and
fluorescent in situ hybridization (e.g., [10, 106, 146]).
The fraction of neurons containing extra chromosomes
has been reported to be higher in AD brains than in con-
trols [106]. Controversial results on aneuploidy rates
ranging from 1% or less to more than 50% percent have
been reported, as recently reviewed together with other
inconsistencies (see [145, 146]). After the introduction
of single cell NGS, the fraction of aneuploid neurons
has been reevaluated to be from 0 to 3% [30, 80, 103,
172] and the rate of neurons carrying post-zygotic CNVs
has been evaluated to several dozen percents. Given the
challenging assessment of germline CNVs using NGS
in general, the interpretation of CNVs from single cell
WGS may also require caution and improved techniques
are required as proposed recently [144]. In addition, it
has been shown that DNA isolation protocols may sig-
nificantly influence CNV detection [109]. Similar to
CNVs, a high burden of post-zygotic L1 insertions that
can disrupt or deregulate the expression of genes has
been reported, although there are differences of opinions
on the numbers of post-zygotic L1 insertions in single
neurons [50, 171]; some results may require technical
validation.

The study of brains from AOND cases implies the
analysis of patients with advanced disease, which can
be associated with secondary DNA damage. Increased
aneuploidy rates and/or of DNA content in AD neuronal
cells could be related to errors during mitosis of neu-
ronal progenitors. More likely, though, it can be caused
by a reentry in the cell cycle as the result of AD patho-
physiological processes. This has been suggested by the
identification of neurons with 4n DNA content and a
positive staining for Cyclin B1 [106]. It is likely that,
in the context of advanced neurotoxicity, such observa-
tion could basically be a simple consequence of neu-
rodegeneration—nonspecific to a given AOND instead
of a causative mechanism [9]. In theory, the study of
so-called preclinical AD brains could help tackle this
issue. However, a proportion of neurons in preclini-
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cal AD brains might already be at a final stage of the
pathophysiology. Studies of presymptomatic patients
carrying APP, PSENI, or PSEN2 mutations showed evi-
dence of neuronal damages years before the first clini-
cal signs, similar to what has been observed in animal
models [21, 79, 131]. Even if a few studies had access to
samples of patients with preclinical or early-stage AD,
most research is performed on end-stage AD as it has
been the main condition leading to the patient’s death.
While many neurons already died, many other neurons
have undergone stress and toxicity during years, before
the first symptoms appeared. Some of them have accu-
mulated DNA damage, including somatic SNVs [97].
Oxidative stress and microtubule dysfunction in AD
neurons are several of the causes leading to secondary
damages in the DNA. In FTLD and ALS, it has been
shown that secondary DNA damage can participate in
the pathophysiological processes in C9ORF72 and FUS
mutation carriers [51, 110]. Interpreting genetic results
from AOND brains should therefore be done with great
caution. Of note, similar caution should be provided for
the interpretation of somatic mitochondrial DNA muta-
tions which face the same issue of possible secondary
mutations induced by neurodegeneration. In addition,
caution is required when interpreting negative findings
in sequencing studies performed on brain tissue. Indeed,
the mutated cells may also be the more vulnerable ones
and hence mutations may be undetectable because of
cellular death.

Taken together, somatic mutations in the brain may result
from (1) early embryonic events, (2) mutations occurring in
neuronal progenitors during neurodevelopment as a result
of replication errors, (3) mutations in replicating cells in the
brain at any stage of life as a result of replication errors, (4)
mutations in post-mitotic neurons as a result of transcrip-
tional activity and (5) as a result of DNA damage in the
context of cellular stress. Although advances in genomic
and single cell technologies have provided novel information
and promising hypotheses, the interpretation of sequencing
data obtained from brains with AOND will be an even big-
ger challenge than the technology itself in the near future.

Somatic mutations in patients with AOND

Given the role of germline duplications of APP and SNCA,
respectively, in autosomal-dominant EOAD and Parkin-
son’s disease, CNV studies have focused on these loci as
well as chromosomal abnormalities. There is still debate on
whether AD brains are enriched in neurons carrying extra
copies of chromosome 21 containing the APP gene. Inter-
estingly, Bushman et al. [29] recently reported increased
copy numbers of the APP locus itself in AD brains. So
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far, however, this exciting result has not been replicated.
Even more recently, the study of nigral dopaminergic neu-
rons—the neurodegeneration of which causes Parkinson’s
disease—revealed an average proportion of dopaminergic
neurons with gains of SNCA copies in each nigra of 0.78%
in Parkinson disease patients versus 0.45% in controls [105].
Such enrichment was not found in non-dopaminergic neu-
rons. Overall, among the 40 patients, 31 (77.5%) had at least
one dopaminergic neuron showing a gain of SNCA copies
as compared to 10/25 (40%) of the controls. These results
suggest that late-somatic copy number gain of SNCA is not
arare event and suggest that a significant enrichment should
be required to trigger the disease. The fact that picomolar
concentrations of SNCA oligomers can induce disease-
related pathways in cells in vitro seems to be in paradox
with the latter study [68]. If replicated, these results obtained
on nigral neurons would question the hypothesis that low-
level mosaics alone would be sufficient to trigger diffuse
neurodegenerative disease in vivo. Other brain regions may
also be studied as well as other mutations and their putative
functional consequences.

In addition to CNVs affecting known disease genes,
post-zygotic CNVs may also affect novel Parkinson’s dis-
ease genes. In phenotypically discordant monozygotic twin
pairs with one of the twins exhibiting Parkinson’s disease,
a few post-zygotic novel CN'Vs have been identified in the
affected twins [27]. Further research is needed to confidently
link these genes to Parkinson’s disease.

The presence of brain-specific single nucleotide muta-
tions has been assessed in 1988—before the identification of
the first causative genes of autosomal-dominant EOAD. In
an exploratory study, the sequence encoding the AP peptide
was analyzed in cDNA isolated from three brains with spo-
radic AD but no mutation was found [180]. The hypothesis
that post-zygotic mutations could explain sporadic AD was
reassessed after identification of APP, PSENI, and PSEN2
germline pathogenic mutations in autosomal-dominant fami-
lies. The analysis of DNA isolated from bulk brain pieces
of 99 patients with sporadic AD revealed a PSENI mutation
that was eventually confirmed to be present in the germline
[139]. This hypothesis was also assessed in Parkinson’s dis-
ease and ALS before the era of NGS, with negative results
[121, 135]. Recently, WES was performed in hundreds of
brains from patients with different types of AOND. While
pathogenic mutations were detected in autosomal-dominant
genes, parental DNA was not available for testing and the
average depth of sequence coverage did not allow for the
detection of low-level somatic mutations [76].

The use of deep-sequencing or blood—brain duo strate-
gies has been applied only recently in sporadic AD. In a
first study, a targeted deep-sequencing approach was used to
analyze the genomic loci of APP, PSENI, PSEN2 and MAPT
in DNA isolated from the entorhinal cortex of 72 patients



Acta Neuropathologica (2019) 137:183-207

199

with sporadic AD and 58 controls [152]. Custom capture and
deep sequencing of the genomic regions of these four genes
revealed 107 candidate post-zygotic mutations but only 3
could be confirmed by amplicon-based deep sequencing: two
novel MAPT missense mutations of unknown significance
in sporadic AD patients (variant allele frequencies of 1.0%
and 1.1%) and one known PSEN2 likely benign missense
mutation (variant allele frequency of 1.6-5.7%) in a con-
trol. Of note, among the 41 patients with an available age at
onset, the median age of onset was 78 years (range: 46-92)
and among the other 31 other patients, the median age at
death was 79 years (range 57-96, the youngest carried a
pathogenic PSEN] germline variant p.H163R), suggesting
that majority had a late disease onset. Another recent study
focused on more technical aspects in the context of AD, but
did not provide results directly relevant to AD itself [57]. In
a study including 17 sporadic AD patients, 2 controls, and 2
patients with vascular dementia, WES (mean depth of cover-
age: 60.8x) was performed on DNA isolated from blood as
well as the hippocampus [122]. This strategy did not allow
the identification of low-level mosaics and no putatively
pathogenic brain-specific mutation was identified. The aver-
age age at death was 86.8 years (range 73-94), suggesting
that most of them, if not all, presented a late onset of AD.

With the hypothesis that, similar to germline DNM,
post-zygotic, including late-somatic mutations causing spo-
radic AOND may be associated with early-onset forms, we
recently performed a targeted deep-sequencing screen of 11
genes in 445 sporadic AD patients (355 blood samples, 100
brain samples), > 80% of which had an early onset [112]. We
used single molecule Molecular Inversion Probes (smMIPs)
capture followed by deep sequencing and validation with
independent ultra-deep sequencing, allowing for very high
sensitivity and specificity. We identified nine post-zygotic
mutations with allelic ratios ranging from 0.2% to 10.8%.
Two of these mutations were predicted to alter the func-
tion of SORL1, which is currently considered as a strong
risk factor for EOAD. However, no predicted pathogenic
post-zygotic mutations in known autosomal-dominant genes
could be identified in this large sample.

Even more recently, 102 genes were screened by targeted
capture followed by deep sequencing in 173 samples from 54
human brains [75]. Post-zygotic variants were validated by a
technology including the use of UMI. Of them, 20 individu-
als presented with AD and 20 exhibited Parkinson’s disease
or dementia with Lewy bodies. Despite the detection of 62
post-zygotic variants, no putatively pathogenic variant was
identified.

The preliminary results of the above-mentioned stud-
ies do not immediately point to a significant role for post-
zygotic mutations in known disease genes sporadic AOND.
This may change with improvements in capture as well as
sequencing technologies (including the analysis of single

cells which is only just starting and is a tremendously prom-
ising field) as well as the analysis of many more brain sam-
ples, especially from patients with an early onset of disease
and the more accurate detection of mosaic structural vari-
ations. Taking together all the positive and negative results
obtained from control and diseased brains, the assessment of
the somatic variant hypothesis in AOND has opened many
novel questions. Among them, there is discussion about the
minimum amount of pathological seeds, the timing of occur-
rence, and the regions where these seeds should appear to be
sufficient to trigger neurodegenerative diseases. Experiments
in animal models may help researchers to answer some of
these questions, combined with the application of ultra-
sensitive sequencing of multiple brain regions in AOND
patients and controls.

Conclusions

Pathogenic DNMs, while not easy to identify in adult-onset
diseases, clearly play an important role in sporadic AOND.
Trio-based exome sequencing of patient—parent blood sam-
ples has pointed to numerous germline DNMs in both known
disease genes as well as novel candidate genes. Larger sam-
ple sizes and functional follow-up studies are essential to
validate the role of these candidate genes in AOND. Access
to affected brain tissue and more sensitive and specific
sequencing approaches will be crucial to investigate further
the role of brain-specific mutations in AOND. Challenges
lie ahead not only in the identification of these mutations but
equally in the clinical interpretation of mutations that are
present in only a proportion of all cells present.

In this review, we focused on the most common AOND,
but examples of germline or post-zygotic DNM in known
Mendelian genes causing other adult-onset neurological dis-
orders have been reported (e.g., [46, 49, 115, 159]).

The in-depth genomic analysis of sporadic AOND is
opening many exciting novel research directions, from the
identification and characterization of novel disease genes
and non-coding regions to the single cell analysis of somatic
mutations as well as the analysis of seeding-spreading mech-
anisms leading to neurodegenerative disorders.
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Box 1. Overview of the most common
adult-onset neurodegenerative disorders
and genetics aspects in Mendelian forms

Mendelian inheritance corresponds to monogenic disorders,
where, in a given individual, mutations in a single gene
(whatever its type, single nucleotide change, copy number
variation, causing disease in a dominant or recessive man-
ner) are sufficient to cause disease. In most AONDs, it is
expected that monogenic forms represent a small minor-
ity of all patients, with an enrichment of monogenic forms
observed in the more severe and earlier-onset forms. Because
of the adult onset of these disorders, mutations can be passed
on to the offspring and therefore monogenic AOND can
occur in families. In addition, although monogenic Prion
disorders are genetically homogeneous (same gene affected
in every patient: PRNP), monogenic forms of Alzheimer’s
disease, frontotemporal lobar degeneration, amyotrophic lat-
eral sclerosis and Parkinson’s disease are genetically hetero-
geneous: a single mutation in a given gene may be sufficient
to cause disease in a given patient, but different genes are
mutated in different patients.

Alzheimer’s disease

Alzheimer’s disease (AD) is the leading cause of dementia.
It is characterized by a progressive decline of memory and
other cognitive functions related to the spreading of neuronal
lesions called neurofibrillary tangles which are mainly com-
posed of hyper- and abnormally phosphorylated Tau protein.
These lesions are however not specific to AD. The other
mandatory neuropathologic criterion, which is specific to
AD, is the presence of senile plaques, the core of which is
composed of aggregated AP peptide.

AD is a complex disorder in the vast majority of cases.
It is commonly postulated that less than 1% of the patients
exhibit an autosomal-dominant form, but this may be actu-
ally much less. Three genes have been validated as causing
autosomal-dominant AD when carrying pathogenic vari-
ants: APP, PSENI, and PSEN2 [36, 143, 160, 161]. APP
encodes the precursor of the AP peptide, which results from
the sequential cleavage of APP by the pB-secretase and the
y-secretase (PSENI or PSEN2 encoding the catalytic subu-
nits). Pathogenic variants are responsible for the increased
production of the AP peptide or the production of a more
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aggregation-prone form. Majority of the pathogenic variants
are highly penetrant and result in a disease onset before the
age of 65 years (for review, see [113]). Mutation detection
rates highly correlate with the combination of ages of onset
and family history (Fig. 2).

Frontotemporal lobar degeneration (FTLD)
spectrum

Frontotemporal lobar degeneration (FTLD) is a neurode-
generative disorder affecting mainly the frontal and tempo-
ral lobes. It is the second most common cause of dementia
before the age of 65, after Alzheimer’s disease [118]. It is
characterized by a clinical heterogeneity which is classi-
fied into different syndromes. Behavioral frontotemporal
dementia (bvFTD) is the most common clinical syndrome.
Patients exhibit progressive deterioration of personality,
social behavior, and cognitive impairment [138]. Other
patients may exhibit a primary language impairment and
fulfill the criteria of primary progressive aphasia, itself
divided into subtypes. FTLD is better classified based on
neuropathologic findings. FTLD-Tau is characterized by
neuronal inclusions of the Tau protein. The other subtypes
show immunomarquages negative for Tau and positive for
ubiquitin. Among the latter ones, the FTLD-TDP subtype is
characterized by inclusions of the TDP-43 protein, while the
FTLD-FET is positive for the FET family of proteins includ-
ing the FUS protein. FTLD itself belongs to a spectrum of
diseases with amyotrophic lateral sclerosis (ALS) being the
main co-occurring phenotype. ALS is a devastating neu-
rodegenerative disorder affecting the primary and second-
ary motor neurons and typically leading to death 3—5 years
following the diagnosis [168]. Some of the patients exhibit
ALS, FTLD, or both. Additional phenotypes can also be
encountered.

Most of the Mendelian forms of this spectrum are trans-
mitted as an autosomal-dominant trait. Pathogenic variants
in the MAPT gene encoding the Tau protein cause FTLD-Tau
with or without parkinsonism or a related disorder called
progressive supranuclear palsy. FTLD-TDP can be caused by
rare mutations in TARDBP encoding TDP-43 itself (however
mainly causing ALS), but it is more commonly associated
with hexanucleotide expansions in a non-coding region of
C90RF?72 or protein-truncating variants in GRN (for review,
see [133]). Mutations in VCP, HNRNPAI and HNRNPA2B1
cause an even larger group of disorders adding Paget disease
of bone and inclusion body myopathy to the FTLD-ALS
spectrum. Mutations in FUS have been reported in families
with ALS. SODI mutations cause a specific subtype of ALS
without FTLD. Other genes have been identified and account
for a smaller proportion of patients, each (for review, see
[133]).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Acta Neuropathologica (2019) 137:183-207

201

In the FTLD spectrum, physicians face the difficulty to
select patients for genetic screening. Although younger cases
and multiplex families are easily recognized as good candi-
dates for genetic studies, there is no clear age or family his-
tory-related criteria to help clinicians decide. Different neu-
rodegenerative disorders must be taken into account when
considering the presence or absence of a family history. Up
to 43% of the FTLD patients presented a first-degree rela-
tive with dementia, ALS, or Parkinson’s disease [133]. The
reduced penetrance of several mutations including the most
common ones (C9ORF72, GRN) [108] has led some authors
to propose genetic analysis to all patients with a phenotype
belonging to this spectrum [11, 17, 170]. Given this incom-
plete penetrance, it is not surprising to find reports of spo-
radic cases carrying a pathogenic mutation, however, the
absence of parental DNA often precluded the assessment of
their inheritance (e.g., GRN [90], MAPT [142]).

Prion disorders

Prion diseases are a group of neurodegenerative disorders
related to the misfolding of the Prion protein encoded by the
PRNP gene. They are usually classified as familial, “spo-
radic” or transmissible. The familial forms (~ 15% of the
cases) actually mean autosomal dominant and are related to
pathogenic mutations in the PRNP gene. It is postulated that
autosomal-dominant Prion disease is genetically homogene-
ous, i.e., all cases should carry a pathogenic PRNP muta-
tion. The term sporadic is often used to characterize complex
forms (all non-autosomal dominant and non-transmissible
situations) whatever the presence or absence of any family
history. Here we use the term “complex” instead of sporadic
and keep “sporadic” for designating patients with a nega-
tive family history. The acquired (or transmissible) forms
represent a small minority of the cases. Three main clini-
cal syndromes have been described to be associated with
PRNP pathogenic mutations: Creutzfeldt—Jakob disease
(CJD), Gerstmann—Straussler—Scheinker (GSS) syndrome,
and fatal familial insomnia (FFI).

Parkinson’s disease, synucleinopathies

Alpha-synucleinopathies regroup different neurodegen-
erative disorders characterized by the aggregation of the
a-synuclein protein in the so-called Lewy bodies in the
brains. Parkinson’s disease (PD) is a common complex dis-
order. The typical clinical presentation is an extrapyramidal
syndrome characterized by L-Dopa responsive asymmetric
resting tremor, akinesia, and rigidity. Additional neuro-
logical manifestations and atypical disease courses can be
observed and some patients might exhibit dementia in the
late stages of the disease. The clinical evolution is thought
to be related to the spreading of neuronal lesions from the

substantia nigra to other brain areas including the cortex. A
minority of the patients present a Mendelian form, either
with an autosomal-dominant transmission such as for SNCA,
the gene-encoding a-synuclein itself, LRRK2, or VPS35
genes, or with an autosomal recessive transmission such
as for PARK?2 (Parkin), PARK7 (DJ-1), or PINK]I genes,
amongst others (for review, see [62]). Dementia with Lewy
bodies (LBD) is the second most common neurodegenera-
tive cause of dementia in the elderly after AD. It shares
clinical and pathological features with Parkinson’s and Alz-
heimer’s diseases and is associated with widespread Lewy
bodies in the brain including cortical areas. There is little
evidence of families with an autosomal-dominant transmis-
sion. Mutations in genes known to cause Mendelian forms of
other AOND have been identified in LBD patients, including
mutations or triplications of SNCA. However, little is still
known about LBD genetics (for review, see [176]) and the
co-existence of Lewy bodies with AD pathology in some
patients can be confusing, including some cases with patho-
genic mutations in AD genes (APP duplications, PSEN1/2
variants [59, 74, 176]).

Multiple system atrophy (MSA)
a-synucleinopathy. The main clinical characteristics include
an extrapyramidal syndrome, a cerebellar syndrome, and
autonomic dysfunction. In MSA, the a-synuclein protein
aggregates primarily in oligodendrocytes, forming glial
cytoplasmic inclusions. The genetics of MSA are debated. It
is postulated that it is a common complex disorder. Recently,
bi-allelic mutations in the COQ2 gene have been identified
in multiplex families with MSA, but the role of this gene is
debated due to negative replication studies [72, 104, 107,
119, 137, 156, 158]. There is no evidence of autosomal-
dominant MSA and of DNM in this disorder to date (for
review see [89]).

is another

References

1. Acuna-Hidalgo R, Bo T, Kwint MP, van de Vorst M, Pinelli
M, Veltman JA et al (2015) Post-zygotic point mutations are
an underrecognized source of de novo genomic variation. Am J
Hum Genet 97:67-74. https://doi.org/10.1016/j.ajhg.2015.05.008

2. Acuna-Hidalgo R, Sengul H, Steehouwer M, van de Vorst M,
Vermeulen SH, Kiemeney L et al (2017) Ultra-sensitive sequenc-
ing identifies high prevalence of clonal hematopoiesis-associated
mutations throughout adult life. Am J Hum Genet 101:50-64.
https://doi.org/10.1016/j.ajhg.2017.05.013

3. Acuna-Hidalgo R, Veltman JA, Hoischen A (2016) New insights
into the generation and role of de novo mutations in health and
disease. Genome Biol 17:241. https://doi.org/10.1186/s1305
9-016-1110-1

4. Agarwal S, Potocki L, Collier TR, Woodbury SL, Adesina AM,
Jones J et al (2016) Utility of whole exome sequencing in evalu-
ation of juvenile motor neuron disease. Muscle Nerve 53:648—
652. https://doi.org/10.1002/mus.25030

@ Springer


https://doi.org/10.1016/j.ajhg.2015.05.008
https://doi.org/10.1016/j.ajhg.2017.05.013
https://doi.org/10.1186/s13059-016-1110-1
https://doi.org/10.1186/s13059-016-1110-1
https://doi.org/10.1002/mus.25030

202

Acta Neuropathologica (2019) 137:183-207

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Al-Chalabi A, Calvo A, Chio A, Colville S, Ellis CM, Hardiman

O et al (2014) Analysis of amyotrophic lateral sclerosis as a mul-
tistep process: a population-based modelling study. Lancet Neu-
rol 13:1108-1113. https://doi.org/10.1016/S1474-4422(14)70219
-4

Al-Chalabi A, Fang F, Hanby MF, Leigh PN, Shaw CE, Ye W
et al (2010) An estimate of amyotrophic lateral sclerosis herit-
ability using twin data. J Neurol Neurosurg Psychiatry 81:1324—
1326. https://doi.org/10.1136/jnnp.2010.207464

Alexander MD, Traynor BJ, Miller N, Corr B, Frost E,
McQuaid S et al (2002) “True” sporadic ALS associated with
a novel SOD-1 mutation. Ann Neurol 52:680-683. https://doi.
org/10.1002/ana. 10369

Alzualde A, Moreno F, Martinez-Lage P, Ferrer I, Gorostidi A,
Otaegui D et al (2010) Somatic mosaicism in a case of apparently
sporadic Creutzfeldt-Jakob disease carrying a de novo D178N
mutation in the PRNP gene. Am J Med Genet B Neuropsychiatr
Genet 153B:1283-1291. https://doi.org/10.1002/ajmg.b.31099
Arendt T (2012) Cell cycle activation and aneuploid neurons
in Alzheimer’s disease. Mol Neurobiol 46:125-135. https://doi.
org/10.1007/s12035-012-8262-0

Arendt T, Bruckner MK, Losche A (2015) Regional mosaic
genomic heterogeneity in the elderly and in Alzheimer’s dis-
ease as a correlate of neuronal vulnerability. Acta Neuropathol
130:501-510. https://doi.org/10.1007/s00401-015-1465-5

. Arthur KC, Doyle C, Chio A, Traynor BJ (2017) Use of genetic

testing in amyotrophic lateral sclerosis by neurologists. JAMA
Neurology 74:125-126. https://doi.org/10.1001/jamaneurol
.2016.4540

Asante EA, Smidak M, Grimshaw A, Houghton R, Tomlinson
A, Jeelani A et al (2015) A naturally occurring variant of the
human prion protein completely prevents prion disease. Nature
522:478-481. https://doi.org/10.1038/nature 14510

Ayaki T, Ito H, Fukushima H, Inoue T, Kondo T, Ikemoto A
et al (2014) Immunoreactivity of valosin-containing protein
in sporadic amyotrophic lateral sclerosis and in a case of its
novel mutant. Acta Neuropathol Commun 2:172. https://doi.
org/10.1186/s40478-014-0172-0

Azevedo FA, Carvalho LR, Grinberg LT, Farfel JM, Ferretti
RE, Leite RE et al (2009) Equal numbers of neuronal and non-
neuronal cells make the human brain an isometrically scaled-
up primate brain. J Comp Neurol 513:532-541. https://doi.
org/10.1002/cne.21974

Bae T, Tomasini L, Mariani J, Zhou B, Roychowdhury T, Fran-
jic D et al (2018) Different mutational rates and mechanisms
in human cells at pregastrulation and neurogenesis. Science
359:550-555. https://doi.org/10.1126/science.aan8690
Bagyinszky E, Park SA, Kim HJ, Choi SH, An SS, Kim SY
(2016) PSEN1 L226F mutation in a patient with early-onset
Alzheimer’s disease in Korea. Clin Interv Aging 11:1433-1440.
https://doi.org/10.2147/CIA.S111821

Baumer D, Hilton D, Paine SM, Turner MR, Lowe J, Talbot K
et al (2010) Juvenile ALS with basophilic inclusions is a FUS
proteinopathy with FUS mutations. Neurology 75:611-618. https
://doi.org/10.1212/WNL.0b013e3181ed9cde

Beck JA, Poulter M, Campbell TA, Uphill JB, Adamson G, Ged-
des JF et al (2004) Somatic and germline mosaicism in sporadic
early-onset Alzheimer’s disease. Hum Mol Genet 13:1219-1224.
https://doi.org/10.1093/hmg/ddh134

Bellenguez C, Charbonnier C, Grenier-Boley B, Quenez O, Le
Guennec K, Nicolas G et al (2017) Contribution to Alzheimer’s
disease risk of rare variants in TREM2, SORL1, and ABCA7 in
1779 cases and 1273 controls. Neurobiol Aging 59:220.e221-
220.e229. https://doi.org/10.1016/j.neurobiolaging.2017.07.001
Ben El Haj R, Salmi A, Regragui W, Moussa A, Bouslam N,
Tibar H et al (2017) Evidence for prehistoric origins of the

@ Springer

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

G2019S mutation in the North African Berber population. PLoS
One 12:e0181335. https://doi.org/10.1371/journal.pone.0181335
Benzinger TL, Blazey T, Jack CR Jr, Koeppe RA, Su 'Y, Xiong C
et al (2013) Regional variability of imaging biomarkers in auto-
somal dominant Alzheimer’s disease. Proc Natl Acad Sci USA
110:E4502-E4509. https://doi.org/10.1073/pnas.1317918110
Bianchin MM, Capella HM, Chaves DL, Steindel M, Grisard
EC, Ganev GG et al (2004) Nasu-Hakola disease (polycystic
lipomembranous osteodysplasia with sclerosing leukoencepha-
lopathy—PLOSL): a dementia associated with bone cystic lesions.
From clinical to genetic and molecular aspects. Cell Mol Neuro-
biol 24:1-24

Biesecker LG, Spinner NB (2013) A genomic view of mosai-
cism and human disease. Nat Rev Genet 14:307-320. https://doi.
org/10.1038/nrg3424

Bis JC, Jian X, Kunkle BW, Chen Y, Hamilton-Nelson KL, Bush
WS et al (2018) Whole exome sequencing study identifies novel
rare and common Alzheimer’s-associated variants involved in
immune response and transcriptional regulation. Molecular Psy-
chiatry. https://doi.org/10.1038/s41380-018-0112-7

Boeve BF, Tremont-Lukats IW, Waclawik AJ, Murrell JR, Her-
mann B, Jack CR Jr et al (2005) Longitudinal characterization
of two siblings with frontotemporal dementia and parkinsonism
linked to chromosome 17 associated with the S305N tau muta-
tion. Brain 128:752-772. https://doi.org/10.1093/brain/awh356
Borroni B, Grassi M, Bianchi M, Bruni AC, Maletta RG, Anfossi
M et al (2014) Estimating the inheritance of frontotemporal lobar
degeneration in the Italian population. J Alzheimer’s Dis 41:371—
376. https://doi.org/10.3233/JAD-130128

Bruder CE, Piotrowski A, Gijsbers AA, Andersson R, Erick-
son S, Diaz de Stahl T et al (2008) Phenotypically concordant
and discordant monozygotic twins display different DNA copy-
number-variation profiles. Am J] Hum Genet 82:763-771. https
://doi.org/10.1016/j.ajhg.2007.12.011

Bu XL, Xiang Y, Jin WS, Wang J, Shen LL, Huang ZL et al
(2017) Blood-derived amyloid-beta protein induces Alzheimer’s
disease pathologies. Mol Psychiatry. https://doi.org/10.1038/
mp.2017.204

Bushman DM, Kaeser GE, Siddoway B, Westra JW, Rivera RR,
Rehen SK et al (2015) Genomic mosaicism with increased amy-
loid precursor protein (APP) gene copy number in single neurons
from sporadic Alzheimer’s disease brains. eLife. eLife 4:05116.
https://doi.org/10.7554/elife.05116

Cai X, Evrony GD, Lehmann HS, Elhosary PC, Mehta BK,
Poduri A et al (2014) Single-cell, genome-wide sequencing
identifies clonal somatic copy-number variation in the human
brain. Cell Rep 8:1280-1289. https://doi.org/10.1016/j.celre
p.2014.07.043

Calvo A, Moglia C, Canosa A, Brunetti M, Barberis M, Traynor
BJ et al (2014) De novo nonsense mutation of the FUS gene in
an apparently familial amyotrophic lateral sclerosis case. Neu-
robiol Aging 35(1513):e1511-e1517. https://doi.org/10.1016/j.
neurobiolaging.2013.12.028

Campbell IM, Yuan B, Robberecht C, Pfundt R, Szafranski P,
McEntagart ME et al (2014) Parental somatic mosaicism is
underrecognized and influences recurrence risk of genomic dis-
orders. Am J Hum Genet 95:173-182. https://doi.org/10.1016/j.
ajhg.2014.07.003

Campion D, Pottier C, Nicolas G, Le Guennec K, Rovelet-
Lecrux A (2016) Alzheimer disease: modeling an Abeta-cen-
tered biological network. Mol Psychiatry 21:861-871. https://
doi.org/10.1038/mp.2016.38

Cannella M, Martino T, Simonelli M, Ciammola A, Gradini R,
Ciarmiello A et al (2009) De novo seven extra repeat expanded
mutation in the PRNP gene in an Italian patient with early onset


https://doi.org/10.1016/S1474-4422(14)70219-4
https://doi.org/10.1016/S1474-4422(14)70219-4
https://doi.org/10.1136/jnnp.2010.207464
https://doi.org/10.1002/ana.10369
https://doi.org/10.1002/ana.10369
https://doi.org/10.1002/ajmg.b.31099
https://doi.org/10.1007/s12035-012-8262-0
https://doi.org/10.1007/s12035-012-8262-0
https://doi.org/10.1007/s00401-015-1465-5
https://doi.org/10.1001/jamaneurol.2016.4540
https://doi.org/10.1001/jamaneurol.2016.4540
https://doi.org/10.1038/nature14510
https://doi.org/10.1186/s40478-014-0172-0
https://doi.org/10.1186/s40478-014-0172-0
https://doi.org/10.1002/cne.21974
https://doi.org/10.1002/cne.21974
https://doi.org/10.1126/science.aan8690
https://doi.org/10.2147/CIA.S111821
https://doi.org/10.1212/WNL.0b013e3181ed9cde
https://doi.org/10.1212/WNL.0b013e3181ed9cde
https://doi.org/10.1093/hmg/ddh134
https://doi.org/10.1016/j.neurobiolaging.2017.07.001
https://doi.org/10.1371/journal.pone.0181335
https://doi.org/10.1073/pnas.1317918110
https://doi.org/10.1038/nrg3424
https://doi.org/10.1038/nrg3424
https://doi.org/10.1038/s41380-018-0112-7
https://doi.org/10.1093/brain/awh356
https://doi.org/10.3233/JAD-130128
https://doi.org/10.1016/j.ajhg.2007.12.011
https://doi.org/10.1016/j.ajhg.2007.12.011
https://doi.org/10.1038/mp.2017.204
https://doi.org/10.1038/mp.2017.204
https://doi.org/10.7554/elife.05116
https://doi.org/10.1016/j.celrep.2014.07.043
https://doi.org/10.1016/j.celrep.2014.07.043
https://doi.org/10.1016/j.neurobiolaging.2013.12.028
https://doi.org/10.1016/j.neurobiolaging.2013.12.028
https://doi.org/10.1016/j.ajhg.2014.07.003
https://doi.org/10.1016/j.ajhg.2014.07.003
https://doi.org/10.1038/mp.2016.38
https://doi.org/10.1038/mp.2016.38

Acta Neuropathologica (2019) 137:183-207

203

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

dementia. BMJ Case Rep 78:1411-1413. https://doi.org/10.1136/
ber.08.2008.0711

Carecchio M, Picillo M, Valletta L, Elia AE, Haack TB, Coz-
zolino A et al (2017) Rare causes of early-onset dystonia-par-
kinsonism with cognitive impairment: a de novo PSEN-1 muta-
tion. Neurogenetics 18:175-178. https://doi.org/10.1007/s1004
8-017-0518-4

Chartier-Harlin MC, Crawford F, Houlden H, Warren A, Hughes
D, Fidani L et al (1991) Early-onset Alzheimer’s disease caused
by mutations at codon 717 of the beta-amyloid precursor protein
gene. Nature 353:844-846. https://doi.org/10.1038/353844a0
Chesi A, Staahl BT, Jovicic A, Couthouis J, Fasolino M, Raphael
AR et al (2013) Exome sequencing to identify de novo muta-
tions in sporadic ALS trios. Nat Neurosci 16:851-855. https://
doi.org/10.1038/nn.3412

Chio A, Calvo A, Moglia C, Ossola I, Brunetti M, Sbaiz L et al
(2011) A de novo missense mutation of the FUS gene in a “true”
sporadic ALS case. Neurobiol Aging 32(553):e523—e556. https
://doi.org/10.1016/j.neurobiolaging.2010.05.016

Conte A, Lattante S, Zollino M, Marangi G, Luigetti M, Del
Grande A et al (2012) P525L FUS mutation is consistently
associated with a severe form of juvenile amyotrophic lateral
sclerosis. Neuromusc Disord 22:73-75. https://doi.org/10.1016/j.
nmd.2011.08.003

Cruts M, van Duijn CM, Backhovens H, Van den Broeck M,
Wehnert A, Serneels S et al (1998) Estimation of the genetic con-
tribution of presenilin-1 and -2 mutations in a population-based
study of presenile Alzheimer disease. Hum Mol Genet 7:43-51
Dagvadorj A, Petersen RB, Lee HS, Cervenakova L, Shatunov
A, Budka H et al (2002) Spontaneous mutations in the prion
protein gene causing transmissible spongiform encephalopathy.
Ann Neurol 52:355-359. https://doi.org/10.1002/ana.10267

de Ligt J, Willemsen MH, van Bon BW, Kleefstra T, Yntema HG,
Kroes T et al (2012) Diagnostic exome sequencing in persons
with severe intellectual disability. N Engl J medicine 367:1921—
1929. https://doi.org/10.1056/NEJMoal206524

De Rubeis S, He X, Goldberg AP, Poultney CS, Samocha K,
Cicek AE et al (2014) Synaptic, transcriptional and chromatin
genes disrupted in autism. Nature 515:209-215. https://doi.
org/10.1038/nature13772

Deciphering Developmental Disorders S (2017) Prevalence and
architecture of de novo mutations in developmental disorders.
Nature 542:433-438. https://doi.org/10.1038/nature21062
Delesus-Hernandez M, Kocerha J, Finch N, Crook R, Baker M,
Desaro P et al (2010) De novo truncating FUS gene mutation as
a cause of sporadic amyotrophic lateral sclerosis. Hum Mutat
31:E1377-E1389. https://doi.org/10.1002/humu.21241
Depienne C, Fedirko E, Faucheux JM, Forlani S, Bricka B,
Goizet C et al (2007) A de novo SPAST mutation leading to
somatic mosaicism is associated with a later age at onset in
HSP. Neurogenetics 8:231-233. https://doi.org/10.1007/s1004
8-007-0090-4

Di Fede G, Catania M, Morbin M, Rossi G, Suardi S, Mazzoleni
G et al (2009) A recessive mutation in the APP gene with dom-
inant-negative effect on amyloidogenesis. Science 323:1473—
1477. https://doi.org/10.1126/science.1168979

Dumanchin C, Brice A, Campion D, Hannequin D, Martin C,
Moreau V et al (1998) De novo presenilin 1 mutations are rare in
clinically sporadic, early onset Alzheimer’s disease cases. French
Alzheimer’s Disease Study Group. ] Med Genet 35:672-673
Eichler FS, Li J, Guo Y, Caruso PA, Bjonnes AC, Pan J et al
(2016) CSF1R mosaicism in a family with hereditary diffuse leu-
koencephalopathy with spheroids. Brain 139:1666—1672. https://
doi.org/10.1093/brain/aww066

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Evrony GD, Lee E, Park PJ, Walsh CA (2016) Resolving rates
of mutation in the brain using single-neuron genomics. ELife
5:¢12966. https://doi.org/10.7554/elife.12966

Farg MA, Konopka A, Soo KY, Ito D, Atkin JD (2017) The
DNA damage response (DDR) is induced by the C9orf72 repeat
expansion in amyotrophic lateral sclerosis. Hum Mol Genet
26:2882-2896. https://doi.org/10.1093/hmg/ddx 170

Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA,
Berg S et al (2006) Role of genes and environments for explain-
ing Alzheimer disease. Arch Gen Psychiatry 63:168—174. https
://doi.org/10.1001/archpsyc.63.2.168

Gijselinck I, Van Mossevelde S, van der Zee J, Sieben A, Engel-
borghs S, De Bleecker J et al (2016) The C9orf72 repeat size
correlates with onset age of disease, DNA methylation and
transcriptional downregulation of the promoter. Mol Psychiatry
21:1112-1124. https://doi.org/10.1038/mp.2015.159

Gilissen C, Hehir-Kwa JY, Thung DT, van de Vorst M, van Bon
BW, Willemsen MH et al (2014) Genome sequencing identifies
major causes of severe intellectual disability. Nature 511:344—
347. https://doi.org/10.1038/nature 13394

Glenner GG, Wong CW (1984) Alzheimer’s disease and Down’s
syndrome: sharing of a unique cerebrovascular amyloid fibril
protein. Biochem Biophys Res Commun 122:1131-1135

Golan MP, Styczynska M, Jozwiak K, Walecki J, Maruszak A,
Pniewski J et al (2007) Early-onset Alzheimer’s disease with a de
novo mutation in the presenilin 1 gene. Exp Neurol 208:264-268.
https://doi.org/10.1016/j.expneurol.2007.08.016
Gomez-Ramos A, Picher AJ, Garcia E, Garrido P, Hernandez
F, Soriano E et al (2017) Validation of suspected somatic single
nucleotide variations in the brain of Alzheimer’s disease patients.
J Alzheimer’s Dis 56:977-990. https://doi.org/10.3233/JAD-
161053

Guo JF, Zhang L, Li K, Mei JP, Xue J, Chen J et al (2018) Cod-
ing mutations in NUS1 contribute to Parkinson’s disease. In:
Proceedings of the National Academy of Sciences of the United
States of America. https://doi.org/10.1073/pnas.1809969115
Guyant-Marechal I, Berger E, Laquerriere A, Rovelet-Lecrux A,
Viennet G, Frebourg T (2008) Intrafamilial diversity of pheno-
type associated with app duplication. Neurology 71:1925-1926.
https://doi.org/10.1212/01.wnl.0000339400.64213.56

Hamdan FF, Myers CT, Cossette P, Lemay P, Spiegelman D,
Laporte AD et al (2017) High rate of recurrent de novo mutations
in developmental and epileptic encephalopathies. Am J Hum
Genet 101:664—685. https://doi.org/10.1016/j.ajhg.2017.09.008
Hedjoudje A, Nicolas G, Goldenberg A, Vanhulle C, Dumant-
Forrest C, Deverriere G et al (2018) Morphological features in
juvenile Huntington disease associated with cerebellar atrophy—
magnetic resonance imaging morphometric analysis. Pediatr
Radiol. https://doi.org/10.1007/s00247-018-4167-z

Hernandez DG, Reed X, Singleton AB (2016) Genetics in Parkin-
son disease: mendelian versus non-Mendelian inheritance. J Neu-
rochem 139(Suppl 1):59-74. https://doi.org/10.1111/jnc.13593
Hinnell C, Coulthart MB, Jansen GH, Cashman NR, Lauzon J,
Clark A et al (2011) Gerstmann-Straussler-Scheinker disease due
to a novel prion protein gene mutation. Neurology 76:485-487.
https://doi.org/10.1212/WNL.0b013e31820a0ab2

Hoang ML, Kinde I, Tomasetti C, McMahon KW, Rosenquist
TA, Grollman AP et al (2016) Genome-wide quantification of
rare somatic mutations in normal human tissues using massively
parallel sequencing. Proc Natl Acad Sci USA 113:9846-9851.
https://doi.org/10.1073/pnas.1607794113

Hooli BV, Kovacs-Vajna ZM, Mullin K, Blumenthal MA, Mat-
theisen M, Zhang C et al (2014) Rare autosomal copy number
variations in early-onset familial Alzheimer’s disease. Mol Psy-
chiatry 19:676-681. https://doi.org/10.1038/mp.2013.77

@ Springer


https://doi.org/10.1136/bcr.08.2008.0711
https://doi.org/10.1136/bcr.08.2008.0711
https://doi.org/10.1007/s10048-017-0518-4
https://doi.org/10.1007/s10048-017-0518-4
https://doi.org/10.1038/353844a0
https://doi.org/10.1038/nn.3412
https://doi.org/10.1038/nn.3412
https://doi.org/10.1016/j.neurobiolaging.2010.05.016
https://doi.org/10.1016/j.neurobiolaging.2010.05.016
https://doi.org/10.1016/j.nmd.2011.08.003
https://doi.org/10.1016/j.nmd.2011.08.003
https://doi.org/10.1002/ana.10267
https://doi.org/10.1056/NEJMoa1206524
https://doi.org/10.1038/nature13772
https://doi.org/10.1038/nature13772
https://doi.org/10.1038/nature21062
https://doi.org/10.1002/humu.21241
https://doi.org/10.1007/s10048-007-0090-4
https://doi.org/10.1007/s10048-007-0090-4
https://doi.org/10.1126/science.1168979
https://doi.org/10.1093/brain/aww066
https://doi.org/10.1093/brain/aww066
https://doi.org/10.7554/elife.12966
https://doi.org/10.1093/hmg/ddx170
https://doi.org/10.1001/archpsyc.63.2.168
https://doi.org/10.1001/archpsyc.63.2.168
https://doi.org/10.1038/mp.2015.159
https://doi.org/10.1038/nature13394
https://doi.org/10.1016/j.expneurol.2007.08.016
https://doi.org/10.3233/JAD-161053
https://doi.org/10.3233/JAD-161053
https://doi.org/10.1073/pnas.1809969115
https://doi.org/10.1212/01.wnl.0000339400.64213.56
https://doi.org/10.1016/j.ajhg.2017.09.008
https://doi.org/10.1007/s00247-018-4167-z
https://doi.org/10.1111/jnc.13593
https://doi.org/10.1212/WNL.0b013e31820a0ab2
https://doi.org/10.1073/pnas.1607794113
https://doi.org/10.1038/mp.2013.77

204

Acta Neuropathologica (2019) 137:183-207

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Huang EJ, Zhang J, Geser F, Trojanowski JQ, Strober JB, Dick-
son DW et al (2010) Extensive FUS-immunoreactive pathol-
ogy in juvenile amyotrophic lateral sclerosis with basophilic
inclusions. Brain Pathol 20:1069-1076. https://doi.org/10.111
1/.1750-3639.2010.00413.x

Hubers A, Just W, Rosenbohm A, Muller K, Marroquin N, Goe-
bel I et al (2015) De novo FUS mutations are the most frequent
genetic cause in early-onset German ALS patients. Neurobiol
Aging 36:3111-3116. https://doi.org/10.1016/j.neurobiola
ging.2015.08.005

Hughes CD, Choi ML, Ryten M, Hopkins L, Drews A, Botia
JA et al (2018) Picomolar concentrations of oligomeric alpha-
synuclein sensitizes TLR4 to play an initiating role in Parkinson’s
disease pathogenesis. Acta Neuropathol. https://doi.org/10.1007/
s00401-018-1907-y

Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy
D et al (2014) The contribution of de novo coding mutations
to autism spectrum disorder. Nature 515:216-221. https://doi.
org/10.1038/nature 13908

Jamuar SS, Lam AT, Kircher M, D’Gama AM, Wang J, Barry
BJ et al (2014) Somatic mutations in cerebral cortical malfor-
mations. N Engl ] Med 371:733-743. https://doi.org/10.1056/
NEJMoal314432

Jansen IE, Ye H, Heetveld S, Lechler MC, Michels H, Seinstra
RI et al (2017) Discovery and functional prioritization of Par-
kinson’s disease candidate genes from large-scale whole exome
sequencing. Genome Biol 18:22. https://doi.org/10.1186/s1305
9-017-1147-9

Jeon BS, Farrer MJ, Bortnick SF, Korean Canadian Alliance
on Parkinson’s D, Related D (2014) Mutant COQ2 in multiple-
system atrophy. N Engl J Med 371:80. https://doi.org/10.1056/
NEJMc1311763

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV,
Snaedal J et al (2013) Variant of TREM2 associated with the risk
of Alzheimer’s disease. N Engl J Med 368:107-116. https://doi.
org/10.1056/NEJMoal211103

Keogh MJ, Kurzawa-Akanbi M, Griffin H, Douroudis K, Ayers
KL, Hussein RI et al (2016) Exome sequencing in dementia with
Lewy bodies. Transl Psychiatry 6:¢728. https://doi.org/10.1038/
tp.2015.220

Keogh MJ, Wei W, Aryaman J, Walker L, van den Ameele J,
Coxhead J et al (2018) High prevalence of focal and multi-focal
somatic genetic variants in the human brain. Nat Commun
9:4257. https://doi.org/10.1038/s41467-018-06331-w

Keogh MJ, Wei W, Wilson I, Coxhead J, Ryan S, Rollinson S
et al (2017) Genetic compendium of 1511 human brains available
through the UK Medical Research Council Brain Banks Network
Resource. Genome Res 27:165-173. https://doi.org/10.1101/
2r.210609.116

Ki CS, Stavrou EF, Davanos N, Lee WY, Chung EJ, Kim JY et al
(2007) The Ala53Thr mutation in the alpha-synuclein gene in a
Korean family with Parkinson disease. Clin Genet 71:471-473.
https://doi.org/10.1111/§.1399-0004.2007.00781.x

Kim YE, Oh KW, Kwon MJ, Choi WJ, Oh SI, Ki CS et al (2015)
De novo FUS mutations in 2 Korean patients with sporadic
amyotrophic lateral sclerosis. Neurobiol Aging 36(1604):e1609—
el617. https://doi.org/10.1016/j.neurobiolaging.2014.10.002
Kinnunen KM, Cash DM, Poole T, Frost C, Benzinger TLS,
Ahsan RL et al (2018) Presymptomatic atrophy in autosomal
dominant Alzheimer’s disease: a serial magnetic resonance
imaging study. Alzheimer’s Dement 14:43-53. https://doi.
org/10.1016/j.jalz.2017.06.2268

Knouse KA, Wu J, Whittaker CA, Amon A (2014) Single cell
sequencing reveals low levels of aneuploidy across mammalian

@ Springer

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

tissues. Proc Natl Acad Sci USA 111:13409-13414. https://doi.
org/10.1073/pnas. 1415287111

Kojovic M, Glavac D, Ozek B, Zupan A, Popovic M (2011) De
novo P102L mutation in a patient with Gerstmann-Straussler-
Scheinker disease. Eur J Neurol 18:e152—e153. https://doi.org/1
0.1111/5.1468-1331.2011.03531.x

Kujala P, Raymond CR, Romeijn M, Godsave SF, van Kasteren
SI, Wille H et al (2011) Prion uptake in the gut: identification of
the first uptake and replication sites. PLoS Pathog 7:e1002449.
https://doi.org/10.1371/journal.ppat.1002449

Kumar KR, Djarmati-Westenberger A, Grunewald A (2011)
Genetics of Parkinson’s disease. Semin Neurol 31:433-440. https
://doi.org/10.1055/5-0031-1299782

Kun-Rodrigues C, Ganos C, Guerreiro R, Schneider SA, Schulte
C, Lesage S et al (2015) A systematic screening to identify de
novo mutations causing sporadic early-onset Parkinson’s disease.
Hum Mol Genet 24:6711-6720. https://doi.org/10.1093/hmg/
ddv376

La Bella V, Liguori M, Cittadella R, Settipani N, Piccoli
T, Manna I et al (2004) A novel mutation (Thr116Ile) in the
presenilin 1 gene in a patient with early-onset Alzheimer’s
disease. Eur J Neurol 11:521-524. https://doi.org/10.111
1/j.1468-1331.2004.00828.x

Laffita-Mesa JM, Velazquez-Perez LC, Santos Falcon N, Cruz-
Marino T, Gonzalez Zaldivar Y, Vazquez Mojena Y et al (2012)
Unexpanded and intermediate CAG polymorphisms at the SCA2
locus (ATXN?2) in the Cuban population: evidence about the ori-
gin of expanded SCA?2 alleles. Eur J Neurol 20:41-49. https://
doi.org/10.1038/ejhg.2011.154

Lalli MA, Cox HC, Arcila ML, Cadavid L, Moreno S, Garcia
G et al (2014) Origin of the PSEN1 E280A mutation causing
early-onset Alzheimer’s disease. Alzheimer’s Dement 10: S277-
$283:e210. https://doi.org/10.1016/j.jalz.2013.09.005
Lanoiselee HM, Nicolas G, Wallon D, Rovelet-Lecrux A, Lacour
M, Rousseau S et al (2017) APP, PSEN1, and PSEN2 mutations
in early-onset Alzheimer disease: a genetic screening study of
familial and sporadic cases. PLoS Med 14:¢1002270. https://doi.
org/10.1371/journal.pmed.1002270

Laurens B, Vergnet S, Lopez MC, Foubert-Samier A, Tison F,
Fernagut PO et al (2017) Multiple system atrophy—state of the
art. Curr Neurol Neurosci Rep 17:41. https://doi.org/10.1007/
s11910-017-0751-0

Le Ber I, van der Zee J, Hannequin D, Gijselinck I, Campion D,
Puel M et al (2007) Progranulin null mutations in both sporadic
and familial frontotemporal dementia. Hum Mutat 28:846-855.
https://doi.org/10.1002/humu.20520

Le Guennec K, Nicolas G, Quenez O, Charbonnier C, Wallon D,
Bellenguez C et al (2016) ABCA7 rare variants and Alzheimer
disease risk. Neurology 86:2134-2137. https://doi.org/10.1212/
WNL.0000000000002627

Le Guennec K, Quenez O, Nicolas G, Wallon D, Rousseau
S, Richard AC et al (2017) 17q21.31 duplication causes
prominent tau-related dementia with increased MAPT expres-
sion. Mol Psychiatry 22:1119-1125. https://doi.org/10.1038/
mp.2016.226

Leblond CS, Webber A, Gan-Or Z, Moore F, Dagher A, Dion
PA et al (2016) De novo FUS P525L mutation in Juvenile
amyotrophic lateral sclerosis with dysphonia and diplopia.
Neurol Genet 2:e63. https://doi.org/10.1212/NXG.0000000000
000063

Leija-Salazar M, Piette C, Proukakis C (2018) Review: somatic
mutations in neurodegeneration. Neuropathol Appl Neurobiol
44:267-285. https://doi.org/10.1111/nan.12465

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks
E, Fennell T et al (2016) Analysis of protein-coding genetic


https://doi.org/10.1111/j.1750-3639.2010.00413.x
https://doi.org/10.1111/j.1750-3639.2010.00413.x
https://doi.org/10.1016/j.neurobiolaging.2015.08.005
https://doi.org/10.1016/j.neurobiolaging.2015.08.005
https://doi.org/10.1007/s00401-018-1907-y
https://doi.org/10.1007/s00401-018-1907-y
https://doi.org/10.1038/nature13908
https://doi.org/10.1038/nature13908
https://doi.org/10.1056/NEJMoa1314432
https://doi.org/10.1056/NEJMoa1314432
https://doi.org/10.1186/s13059-017-1147-9
https://doi.org/10.1186/s13059-017-1147-9
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1038/tp.2015.220
https://doi.org/10.1038/tp.2015.220
https://doi.org/10.1038/s41467-018-06331-w
https://doi.org/10.1101/gr.210609.116
https://doi.org/10.1101/gr.210609.116
https://doi.org/10.1111/j.1399-0004.2007.00781.x
https://doi.org/10.1016/j.neurobiolaging.2014.10.002
https://doi.org/10.1016/j.jalz.2017.06.2268
https://doi.org/10.1016/j.jalz.2017.06.2268
https://doi.org/10.1073/pnas.1415287111
https://doi.org/10.1073/pnas.1415287111
https://doi.org/10.1111/j.1468-1331.2011.03531.x
https://doi.org/10.1111/j.1468-1331.2011.03531.x
https://doi.org/10.1371/journal.ppat.1002449
https://doi.org/10.1055/s-0031-1299782
https://doi.org/10.1055/s-0031-1299782
https://doi.org/10.1093/hmg/ddv376
https://doi.org/10.1093/hmg/ddv376
https://doi.org/10.1111/j.1468-1331.2004.00828.x
https://doi.org/10.1111/j.1468-1331.2004.00828.x
https://doi.org/10.1038/ejhg.2011.154
https://doi.org/10.1038/ejhg.2011.154
https://doi.org/10.1016/j.jalz.2013.09.005
https://doi.org/10.1371/journal.pmed.1002270
https://doi.org/10.1371/journal.pmed.1002270
https://doi.org/10.1007/s11910-017-0751-0
https://doi.org/10.1007/s11910-017-0751-0
https://doi.org/10.1002/humu.20520
https://doi.org/10.1212/WNL.0000000000002627
https://doi.org/10.1212/WNL.0000000000002627
https://doi.org/10.1038/mp.2016.226
https://doi.org/10.1038/mp.2016.226
https://doi.org/10.1212/NXG.0000000000000063
https://doi.org/10.1212/NXG.0000000000000063
https://doi.org/10.1111/nan.12465

Acta Neuropathologica (2019) 137:183-207

205

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

variation in 60,706 humans. Nature 536:285-291. https://doi.
org/10.1038/nature 19057

Lim ET, Uddin M, De Rubeis S, Chan Y, Kamumbu AS, Zhang
X et al (2017) Rates, distribution and implications of postzy-
gotic mosaic mutations in autism spectrum disorder. Nat Neu-
rosci 20:1217-1224. https://doi.org/10.1038/nn.4598

Lodato MA, Rodin RE, Bohrson CL, Coulter ME, Barton AR,
Kwon M et al (2018) Aging and neurodegeneration are associ-
ated with increased mutations in single human neurons. Sci-
ence 359:555-559. https://doi.org/10.1126/science.aa04426
Lodato MA, Woodworth MB, Lee S, Evrony GD, Mehta BK,
Karger A et al (2015) Somatic mutation in single human neu-
rons tracks developmental and transcriptional history. Science
350:94-98. https://doi.org/10.1126/science.aab1785

Lou F, Luo X, Li M, Ren Y, He Z (2017) Very early-onset
sporadic Alzheimer’s disease with a de novo mutation in
the PSEN1 gene. Neurobiol Aging 53:191-193. https://doi.
org/10.1016/j.neurobiolaging.2016.12.026

Lubbe SJ, Escott-Price V, Gibbs JR, Nalls MA, Bras J, Price
TR et al (2016) Additional rare variant analysis in Parkinson’s
disease cases with and without known pathogenic mutations:
evidence for oligogenic inheritance. Hum Mol Genet 25:5483—
5489. https://doi.org/10.1093/hmg/ddw348

Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA,
Hunter DJ et al (2009) Finding the missing heritability of com-
plex diseases. Nature 461:747-753. https://doi.org/10.1038/
nature08494

McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little
J, Toannidis JP et al (2008) Genome-wide association studies for
complex traits: consensus, uncertainty and challenges. Nat Rev
Genet 9:356-3609. https://doi.org/10.1038/nrg2344

McConnell MJ, Lindberg MR, Brennand KJ, Piper JC, Voet T,
Cowing-Zitron C et al (2013) Mosaic copy number variation in
human neurons. Science 342:632-637. https://doi.org/10.1126/
science.1243472

Mitsui J, Tsuji S (2014) Mutant COQ?2 in multiple-system atro-
phy. N Engl J Med 371:82-83. https://doi.org/10.1056/NEJMc
1311763

Mokretar K, Pease D, Taanman JW, Soenmez A, Ejaz A, Lashley
T et al (2018) Somatic copy number gains of alpha-synuclein
(SNCA) in Parkinson’s disease and multiple system atrophy
brains. Brain. https://doi.org/10.1093/brain/awy 157

Mosch B, Morawski M, Mittag A, Lenz D, Tarnok A, Arendt T
(2007) Aneuploidy and DNA replication in the normal human
brain and Alzheimer’s disease. J Neurosci 27:6859-6867. https
://doi.org/10.1523/JNEUROSCI.0379-07.2007
Multiple-System Atrophy Research C (2013) Mutations in COQ2
in familial and sporadic multiple-system atrophy. N Engl J Med
369:233-244. https://doi.org/10.1056/NEJMoal212115
Murphy NA, Arthur KC, Tienari PJ, Houlden H, Chio A, Traynor
BJ (2017) Age-related penetrance of the C9orf72 repeat expan-
sion. Sci Rep 7:2116. https://doi.org/10.1038/s41598-017-02364
-1

Nacheva E, Mokretar K, Soenmez A, Pittman AM, Grace C,
Valli R et al (2017) DNA isolation protocol effects on nuclear
DNA analysis by microarrays, droplet digital PCR, and whole
genome sequencing, and on mitochondrial DNA copy number
estimation. PLoS One 12:e0180467. https://doi.org/10.1371/
journal.pone.0180467

Naumann M, Pal A, Goswami A, Lojewski X, Japtok J, Vehlow
A, Naujock M, Gunther R, Jin M, Stanslowsky N et al (2018)
Impaired DNA damage response signaling by FUS-NLS muta-
tions leads to neurodegeneration and FUS aggregate formation.
Nat Commun 9:335. https://doi.org/10.1038/s41467-017-02299
-1

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Neuenschwander AG, Thai KK, Figueroa KP, Pulst SM (2014)
Amyotrophic lateral sclerosis risk for spinocerebellar ataxia type
2 ATXN2 CAG repeat alleles: a meta-analysis. JAMA Neurol
71:1529-1534. https://doi.org/10.1001/jamaneurol.2014.2082
Nicolas G, Acuna-Hidalgo R, Keogh MJ, Quenez O, Steehou-
wer M, Lelieveld S et al (2018) Somatic variants in autosomal
dominant genes are a rare cause of sporadic Alzheimer’s disease.
Alzheimer’s Dement. https://doi.org/10.1016/}.jalz.2018.06.3056
Nicolas G, Charbonnier C, Campion D (2016) From common to
rare variants: the genetic component of Alzheimer disease. Hum
Hered 81:129-141. https://doi.org/10.1159/000452256

Nicolas G, Charbonnier C, Wallon D, Quenez O, Bellenguez C,
Grenier-Boley B et al (2016) SORLI rare variants: a major risk
factor for familial early-onset Alzheimer’s disease. Mol Psychia-
try 21:831-836. https://doi.org/10.1038/mp.2015.121

Nicolas G, Jacquin A, Thauvin-Robinet C, Rovelet-Lecrux A,
Rouaud O, Pottier C et al (2014) A de novo nonsense PDGFB
mutation causing idiopathic basal ganglia calcification with
laryngeal dystonia. Eur J Hum Genet 22:1236-1238. https://doi.
org/10.1038/ejhg.2014.9

Nicolas G, Wallon D, Charbonnier C, Quenez O, Rousseau S,
Richard AC et al (2016) Screening of dementia genes by whole-
exome sequencing in early-onset Alzheimer disease: input and
lessons. Eur J] Hum Genet 24:710-716. https://doi.org/10.1038/
ejhg.2015.173

Ogaki K, Li Y, Takanashi M, Ishikawa K, Kobayashi T, Nonaka
T et al (2013) Analyses of the MAPT, PGRN, and C9orf72 muta-
tions in Japanese patients with FTLD, PSP, and CBS. Parkin-
son Relat Disord 19:15-20. https://doi.org/10.1016/j.parkreldis
.2012.06.019

Onyike CU, Diehl-Schmid J (2013) The epidemiology of fron-
totemporal dementia. Int Rev Psychiatry 25(2):130-137

Ozawa T (2014) The COQ2 mutations in Japanese multiple sys-
tem atrophy: impact on the pathogenesis and phenotypic varia-
tion. Mov Disord 29:184. https://doi.org/10.1002/mds.25685
Pamphlett R, Cheong PL, Trent RJ, Yu B (2013) Can ALS-asso-
ciated C9orf72 repeat expansions be diagnosed on a blood DNA
test alone? PLoS One 8:¢70007. https://doi.org/10.1371/journ
al.pone.0070007

Pamphlett R, Heath PR, Holden H, Ince PG, Shaw PJ (2005)
Detection of mutations in whole genome-amplified DNA from
laser-microdissected neurons. J Neurosci Methods 147:65-67.
https://doi.org/10.1016/j.jneumeth.2005.03.005

Parcerisas A, Rubio SE, Muhaisen A, Gomez-Ramos A, Pujadas
L, Puiggros M et al (2014) Somatic signature of brain-specific
single nucleotide variations in sporadic Alzheimer’s disease. J
Alzheimer’s Dis 42:1357-1382. https://doi.org/10.3233/JAD-
140891

Park EJ, Grabinska KA, Guan Z, Stranecky V, Hartmannova
H, Hodanova K et al (2014) Mutation of Nogo-B receptor, a
subunit of cis-prenyltransferase, causes a congenital disorder of
glycosylation. Cell Metab 20:448-457. https://doi.org/10.1016/j.
cmet.2014.06.016

Pasmooij AM, Pas HH, Bolling MC, Jonkman MF (2007) Rever-
tant mosaicism in junctional epidermolysis bullosa due to multi-
ple correcting second-site mutations in LAMB3. J Clin Investig
117:1240-1248. https://doi.org/10.1172/ICI30465

Pasmooij AM, Pas HH, Deviaene FC, Nijenhuis M, Jonkman MF
(2005) Multiple correcting COL17A1 mutations in patients with
revertant mosaicism of epidermolysis bullosa. Am J] Hum Genet
77:727-740. https://doi.org/10.1086/497344

Pearce MM (2017) Prion-like transmission of pathogenic pro-
tein aggregates in genetic models of neurodegenerative disease.
Curr Opin Genet Dev 44:149-155. https://doi.org/10.1016/j.
gde.2017.03.011

@ Springer


https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nn.4598
https://doi.org/10.1126/science.aao4426
https://doi.org/10.1126/science.aab1785
https://doi.org/10.1016/j.neurobiolaging.2016.12.026
https://doi.org/10.1016/j.neurobiolaging.2016.12.026
https://doi.org/10.1093/hmg/ddw348
https://doi.org/10.1038/nature08494
https://doi.org/10.1038/nature08494
https://doi.org/10.1038/nrg2344
https://doi.org/10.1126/science.1243472
https://doi.org/10.1126/science.1243472
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1093/brain/awy157
https://doi.org/10.1523/JNEUROSCI.0379-07.2007
https://doi.org/10.1523/JNEUROSCI.0379-07.2007
https://doi.org/10.1056/NEJMoa1212115
https://doi.org/10.1038/s41598-017-02364-1
https://doi.org/10.1038/s41598-017-02364-1
https://doi.org/10.1371/journal.pone.0180467
https://doi.org/10.1371/journal.pone.0180467
https://doi.org/10.1038/s41467-017-02299-1
https://doi.org/10.1038/s41467-017-02299-1
https://doi.org/10.1001/jamaneurol.2014.2082
https://doi.org/10.1016/j.jalz.2018.06.3056
https://doi.org/10.1159/000452256
https://doi.org/10.1038/mp.2015.121
https://doi.org/10.1038/ejhg.2014.9
https://doi.org/10.1038/ejhg.2014.9
https://doi.org/10.1038/ejhg.2015.173
https://doi.org/10.1038/ejhg.2015.173
https://doi.org/10.1016/j.parkreldis.2012.06.019
https://doi.org/10.1016/j.parkreldis.2012.06.019
https://doi.org/10.1002/mds.25685
https://doi.org/10.1371/journal.pone.0070007
https://doi.org/10.1371/journal.pone.0070007
https://doi.org/10.1016/j.jneumeth.2005.03.005
https://doi.org/10.3233/JAD-140891
https://doi.org/10.3233/JAD-140891
https://doi.org/10.1016/j.cmet.2014.06.016
https://doi.org/10.1016/j.cmet.2014.06.016
https://doi.org/10.1172/JCI30465
https://doi.org/10.1086/497344
https://doi.org/10.1016/j.gde.2017.03.011
https://doi.org/10.1016/j.gde.2017.03.011

206 Acta Neuropathologica (2019) 137:183-207

127. Perandones C, Araoz Olivos N, Raina GB, Pellene LA, Giugni 143. Rogaev EI, Sherrington R, Rogaeva EA, Levesque G, Ikeda M,
JC, Calvo DS et al (2015) Successful GPi stimulation in genetic Liang Y et al (1995) Familial Alzheimer’s disease in kindreds
Parkinson’s disease caused by mosaicism of alpha-synuclein with missense mutations in a gene on chromosome 1 related to
gene duplication: first description. J Neurol 262:222-223. https the Alzheimer’s disease type 3 gene. Nature 376:775-778. https
://doi.org/10.1007/s00415-014-7576-4 ://doi.org/10.1038/376775a0

128. Perandones C, Giugni JC, Calvo DS, Raina GB, De Jorge Lopez 144. Rohrback S, April C, Kaper F, Rivera RR, Liu CS, Siddoway B
L, Volpini V et al (2014) Mosaicism of alpha-synuclein gene et al (2018) Submegabase copy number variations arise during
rearrangements: report of two unrelated cases of early-onset cerebral cortical neurogenesis as revealed by single-cell whole-
parkinsonism. Parkinson Relat Disord 20:558-561. https://doi. genome sequencing. Proc Natl Acad Sci USA 115:10804-10809.
org/10.1016/j.parkreldis.2013.11.014 https://doi.org/10.1073/pnas.1812702115

129. Poduri A, Evrony GD, Cai X, Walsh CA (2013) Somatic muta- 145. Rohrback S, Siddoway B, Liu CS, Chun J (2018) Genomic mosa-
tion, genomic variation, and neurological disease. Science icism in the developing and adult brain. Dev Neurobiol. https://
341:1237758. https://doi.org/10.1126/science.1237758 doi.org/10.1002/dneu.22626

130. Portet F, Dauvilliers Y, Campion D, Raux G, Hauw JJ, Lyon- 146. Rosenkrantz JL, Carbone L (2017) Investigating somatic ane-
Caen O et al (2003) Very early onset AD with a de novo mutation uploidy in the brain: why we need a new model. Chromosoma
in the presenilin 1 gene (Met 233 Leu). Neurology 61:1136-1137 126:337-350. https://doi.org/10.1007/s00412-016-0615-4

131. Potter H, Granic A, Caneus J (2016) Role of trisomy 21 mosai- 147. Ross OA, Braithwaite AT, Skipper LM, Kachergus J, Hulihan
cism in sporadic and familial Alzheimer’s disease. Curr Alzhei- MM, Middleton FA et al (2008) Genomic investigation of alpha-
mer Res 13:7-17 synuclein multiplication and parkinsonism. Ann Neurol 63:743—

132. Pottier C, Bieniek KF, Finch N, van de Vorst M, Baker M, Perk- 750. https://doi.org/10.1002/ana.21380
ersen R et al (2015) Whole-genome sequencing reveals impor- 148. Rovelet-Lecrux A, Charbonnier C, Wallon D, Nicolas G, Seaman
tant role for TBK1 and OPTN mutations in frontotemporal lobar MN, Pottier C et al (2015) De novo deleterious genetic variations
degeneration without motor neuron disease. Acta Neuropathol target a biological network centered on Abeta peptide in early-
130:77-92. https://doi.org/10.1007/s00401-015-1436-x onset Alzheimer disease. Mol Psychiatry 20:1046—1056. https://

133. Pottier C, Ravenscroft TA, Sanchez-Contreras M, Rademakers R doi.org/10.1038/mp.2015.100
(2016) Genetics of FTLD: overview and what else we can expect 149. Rovelet-Lecrux A, Hannequin D, Raux G, Le Meur N, Laquerri-
from genetic studies. J Neurochem 138(Suppl 1):32-53. https:// ere A, Vital A et al (2006) APP locus duplication causes autoso-
doi.org/10.1111/jnc.13622 mal dominant early-onset Alzheimer disease with cerebral amy-

134. Proukakis C (2014) Genetics of Parkinson’s disease: alpha-synu- loid angiopathy. Nat Genet 38:24-26. https://doi.org/10.1038/
clein and other insights from Greece. Eur J Neurol 21:946-947. ngl718
https://doi.org/10.1111/ene.12357 150. Rovelet-Lecrux A, Legallic S, Wallon D, Flaman JM, Martin-

135. Proukakis C, Shoaece M, Morris J, Brier T, Kara E, Sheerin UM aud O, Bombois S et al (2012) A genome-wide study reveals
et al (2014) Analysis of Parkinson’s disease brain-derived DNA rare CNVs exclusive to extreme phenotypes of Alzheimer dis-
for alpha-synuclein coding somatic mutations. Mov Disord ease. Eur J Hum Genet 20:613-617. https://doi.org/10.1038/
29:1060-1064. https://doi.org/10.1002/mds.25883 ejhg.2011.225

136. Puschmann A, Ross OA, Vilarino-Guell C, Lincoln SJ, Kacher- 151. Sala Frigerio C, Fiers M, Voet T, De Strooper B (2017) Identi-
gus JM, Cobb SA et al (2009) A Swedish family with de novo fication of low allele frequency mosaic mutations in Alzheimer
alpha-synuclein A53T mutation: evidence for early cortical disease. Genom Mosaicism Neurons Cell Types: 361-378
dysfunction. Parkinson Relat Disord 15:627-632. https://doi. 152. Sala Frigerio C, Lau P, Troakes C, Deramecourt V, Gele P, Van
org/10.1016/j.parkreldis.2009.06.007 Loo P et al (2015) On the identification of low allele frequency

137. Quinzii CM, Hirano M, DiMauro S (2014) Mutant COQ?2 in mosaic mutations in the brains of Alzheimer’s disease patients.
multiple-system atrophy. N Engl J Med 371:81-82. https://doi. Alzheimer’s Dement 11:1265-1276. https://doi.org/10.1016/j.
org/10.1056/NEJMc1311763 jalz.2015.02.007

138. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, 153. Samocha KE, Robinson EB, Sanders SJ, Stevens C, Sabo A,
Neuhaus J et al (2011) Sensitivity of revised diagnostic criteria McGrath LM et al (2014) A framework for the interpretation of
for the behavioural variant of frontotemporal dementia. Brain de novo mutation in human disease. Nat Genet 46:944-950. https
134:2456-2477. https://doi.org/10.1093/brain/awr179 ://doi.org/10.1038/ng.3050

139. Reznik-Wolf H, Machado J, Haroutunian V, DeMarco L, Walter 154. Sanchez-Valle R, Arostegui JI, Yague J, Rami L, Llado A,
GF, Goldman B et al (1998) Somatic mutation analysis of the Molinuevo JL (2008) First demonstrated de novo insertion in
APP and Presenilin 1 and 2 genes in Alzheimer’s disease brains. the prion protein gene in a young patient with dementia. J Neu-
J Neurogenet 12:55-65 rol Neurosurg Psychiatry 79:845-846. https://doi.org/10.1136/

140. Ribierre T, Deleuze C, Bacq A, Baldassari S, Marsan E, Chipaux jnnp.2007.137463
M et al (2018) Second-hit mosaic mutation in mTORC1 repres- 155. Schellenberg GD, Anderson L, O’Dahl S, Wisjman EM, Sad-
sor DEPDCS causes focal cortical dysplasia-associated epilepsy. ovnick AD, Ball MJ et al (1991) APP717, APP693, and PRIP
J Clin Investig 128:2452-2458. https://doi.org/10.1172/JC199384 gene mutations are rare in Alzheimer disease. Am J Hum Genet

141. Riviere JB, Mirzaa GM, O’Roak BJ, Beddaoui M, Alcantara 49:511-517
D, Conway RL et al (2012) De novo germline and postzygotic 156. Schottlaender LV, Houlden H (2014) Mutant COQ?2 in multiple-
mutations in AKT3, PIK3R2 and PIK3CA cause a spectrum of system atrophy. N Engl J Med 371:81. https://doi.org/10.1056/
related megalencephaly syndromes. Nat Genet 44:934-940. https NEJMc1311763
://doi.org/10.1038/ng.2331 157. Serra E, Puig S, Otero D, Gaona A, Kruyer H, Ars E et al (1997)

142. Rizzu P, Van Swieten JC, Joosse M, Hasegawa M, Stevens Confirmation of a double-hit model for the NF1 gene in benign
M, Tibben A et al (1999) High prevalence of mutations in the neurofibromas. Am J Hum Genet 61:512-519. https://doi.
microtubule-associated protein tau in a population study of org/10.1086/515504
frontotemporal dementia in the Netherlands. Am J Hum Genet 158. Sharma M, Wenning G, Kruger R (2014) Mutant COQ?2 in

64:414-421. https://doi.org/10.1086/302256

@ Springer

multiple-system atrophy. N Engl J Med 371:80-81. https://doi.
org/10.1056/NEJMc1311763


https://doi.org/10.1007/s00415-014-7576-4
https://doi.org/10.1007/s00415-014-7576-4
https://doi.org/10.1016/j.parkreldis.2013.11.014
https://doi.org/10.1016/j.parkreldis.2013.11.014
https://doi.org/10.1126/science.1237758
https://doi.org/10.1007/s00401-015-1436-x
https://doi.org/10.1111/jnc.13622
https://doi.org/10.1111/jnc.13622
https://doi.org/10.1111/ene.12357
https://doi.org/10.1002/mds.25883
https://doi.org/10.1016/j.parkreldis.2009.06.007
https://doi.org/10.1016/j.parkreldis.2009.06.007
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1172/JCI99384
https://doi.org/10.1038/ng.2331
https://doi.org/10.1038/ng.2331
https://doi.org/10.1086/302256
https://doi.org/10.1038/376775a0
https://doi.org/10.1038/376775a0
https://doi.org/10.1073/pnas.1812702115
https://doi.org/10.1002/dneu.22626
https://doi.org/10.1002/dneu.22626
https://doi.org/10.1007/s00412-016-0615-4
https://doi.org/10.1002/ana.21380
https://doi.org/10.1038/mp.2015.100
https://doi.org/10.1038/mp.2015.100
https://doi.org/10.1038/ng1718
https://doi.org/10.1038/ng1718
https://doi.org/10.1038/ejhg.2011.225
https://doi.org/10.1038/ejhg.2011.225
https://doi.org/10.1016/j.jalz.2015.02.007
https://doi.org/10.1016/j.jalz.2015.02.007
https://doi.org/10.1038/ng.3050
https://doi.org/10.1038/ng.3050
https://doi.org/10.1136/jnnp.2007.137463
https://doi.org/10.1136/jnnp.2007.137463
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1086/515504
https://doi.org/10.1086/515504
https://doi.org/10.1056/NEJMc1311763
https://doi.org/10.1056/NEJMc1311763

Acta Neuropathologica (2019) 137:183-207

207

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Shatunov A, Fridman EA, Pagan FI, Leib J, Singleton A, Hallett
M et al (2004) Small de novo duplication in the repeat region of
the TATA-box-binding protein gene manifest with a phenotype
similar to variant Creutzfeldt-Jakob disease. Clin Genet 66:496—
501. https://doi.org/10.1111/j.1399-0004.2004.00356.x
Sherrington R, Froelich S, Sorbi S, Campion D, Chi H, Rogaeva
EA et al (1996) Alzheimer’s disease associated with mutations
in presenilin 2 is rare and variably penetrant. Hum Mol Genet
5:985-988

Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque
G, Ikeda M et al (1995) Cloning of a gene bearing missense
mutations in early-onset familial Alzheimer’s disease. Nature
375:754-760. https://doi.org/10.1038/375754a0

Steinberg KM, Yu B, Koboldt DC, Mardis ER, Pamphlett R
(2015) Exome sequencing of case-unaffected-parents trios
reveals recessive and de novo genetic variants in sporadic ALS.
Sci Rep 5:9124. https://doi.org/10.1038/srep09124

Steinberg S, Stefansson H, Jonsson T, Johannsdottir H, Ingason
A, Helgason H et al (2015) Loss-of-function variants in ABCA7
confer risk of Alzheimer’s disease. Nat Genet 47:445-447. https
://doi.org/10.1038/ng.3246

Suh E, Lee EB, Neal D, Wood EM, Toledo JB, Rennert L et al
(2015) Semi-automated quantification of C9orf72 expansion
size reveals inverse correlation between hexanucleotide repeat
number and disease duration in frontotemporal degeneration.
Acta Neuropathol 130:363-372. https://doi.org/10.1007/s0040
1-015-1445-9

Szafranski P, Von Allmen GK, Graham BH, Wilfong AA, Kang
SH, Ferreira JA et al (2015) 6q22.1 microdeletion and suscepti-
bility to pediatric epilepsy. Eur J Hum Genet 23:173—-179. https
://doi.org/10.1038/ejhg.2014.75

Takahashi Y, Fukuda Y, Yoshimura J, Toyoda A, Kurppa K,
Moritoyo H et al (2013) ERBB4 mutations that disrupt the
neuregulin-ErbB4 pathway cause amyotrophic lateral sclerosis
type 19. Am J Hum Genet 93:900-905. https://doi.org/10.1016/j.
ajhg.2013.09.008

Tarlarini C, Lunetta C, Mosca L, Avemaria F, Riva N, Mantero
V et al (2015) Novel FUS mutations identified through molecu-
lar screening in a large cohort of familial and sporadic amyo-
trophic lateral sclerosis. Eur J Neurol 22:1474—1481. https://doi.
org/10.1111/ene.12772

Taylor JP, Brown RH Jr, Cleveland DW (2016) Decoding ALS:
from genes to mechanism. Nature 539:197-206. https://doi.
org/10.1038/nature20413

Teyssou E, Vandenberghe N, Moigneu C, Boillee S, Coura-
tier P, Meininger V et al (2014) Genetic analysis of SS18L1 in
French amyotrophic lateral sclerosis. Neurobiol Aging 35:1231
el212-1213 el219. https://doi.org/10.1016/j.neurobiola
ging.2013.11.023

Turner MR, Al-Chalabi A, Chio A, Hardiman O, Kiernan MC,
Rohrer JD et al (2017) Genetic screening in sporadic ALS and
FTD. J Neurol Neurosurg Psychiatry 88:1042—-1044. https://doi.
org/10.1136/jnnp-2017-315995

Upton KR, Gerhardt DJ, Jesuadian JS, Richardson SR, Sanchez-
Luque FJ, Bodea GO et al (2015) Ubiquitous L1 mosai-
cism in hippocampal neurons. Cell 161:228-239. https://doi.
org/10.1016/j.cell.2015.03.026

van den Bos H, Spierings DC, Taudt AS, Bakker B, Porubsky
D, Falconer E et al (2016) Single-cell whole genome sequenc-
ing reveals no evidence for common aneuploidy in normal and
Alzheimer’s disease neurons. Genome Biol 17:116. https://doi.
org/10.1186/s13059-016-0976-2

van Doormaal PTC, Ticozzi N, Weishaupt JH, Kenna K, Diek-
stra FP, Verde F et al (2017) The role of de novo mutations in
the development of amyotrophic lateral sclerosis. Hum Mutat
38:1534-1541. https://doi.org/10.1002/humu.23295

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Van Langenhove T, van der Zee J, Engelborghs S, Vandenberghe
R, Santens P, Van den Broeck M et al (2012) Ataxin-2 polyQ
expansions in FTLD-ALS spectrum disorders in Flanders-Bel-
gian cohorts. Neurobiol Aging 33(1004):e1017-e1020. https://
doi.org/10.1016/j.neurobiolaging.2011.09.025

Veltman JA, Brunner HG (2012) De novo mutations in human
genetic disease. Nat Rev Genet 13:565-575. https://doi.
org/10.1038/nrg3241

Vergouw LIM, van Steenoven I, van de Berg WDJ, Teunissen
CE, van Swieten JC, Bonifati V et al (2017) An update on the
genetics of dementia with Lewy bodies. Parkinsonism Relat Dis-
ord 43:1-8. https://doi.org/10.1016/j.parkreldis.2017.07.009
Verheijen BM, Vermulst M, van Leeuwen FW (2018) Somatic
mutations in neurons during aging and neurodegeneration.
Acta Neuropathol 135:811-826. https://doi.org/10.1007/s0040
1-018-1850-y

Vilarino-Guell C, Wider C, Ross OA, Dachsel JC, Kachergus
JM, Lincoln SJ et al (2011) VPS35 mutations in Parkinson dis-
ease. Am J Hum Genet 89:162—167. https://doi.org/10.1016/j.
ajhg.2011.06.001

Vissers LE, de Ligt J, Gilissen C, Janssen I, Steehouwer M, de
Vries P et al (2010) A de novo paradigm for mental retardation.
Nat Genet 42:1109-1112. https://doi.org/10.1038/ng.712

Vitek MP, Rasool CG, de Sauvage F, Vitek SM, Bartus RT, Beer
B et al (1988) Absence of mutation in the beta-amyloid cDNAs
cloned from the brains of three patients with sporadic Alzhei-
mer’s disease. Brain Res 464:121-131

Wallon D, Rousseau S, Rovelet-Lecrux A, Quillard-Muraine M,
Guyant-Marechal L, Martinaud O et al (2012) The French series
of autosomal dominant early onset Alzheimer’s disease cases:
mutation spectrum and cerebrospinal fluid biomarkers. J Alzhei-
mer’s Dis 30:847-856. https://doi.org/10.3233/JAD-2012-12017
2

Webb TE, Poulter M, Beck J, Uphill J, Adamson G, Campbell T
et al (2008) Phenotypic heterogeneity and genetic modification
of P102L inherited prion disease in an international series. Brain
131:2632-2646. https://doi.org/10.1093/brain/awn202
Weinstein LS, Shenker A, Gejman PV, Merino MJ, Friedman
E, Spiegel AM (1991) Activating mutations of the stimulatory
G protein in the McCune-Albright syndrome. N Engl J Med
325:1688-1695. https://doi.org/10.1056/NEJM 19911212325
2403

Wirdefeldt K, Gatz M, Reynolds CA, Prescott CA, Pedersen NL
(2011) Heritability of Parkinson disease in Swedish twins: a lon-
gitudinal study. Neurobiol Aging 32(1923):e1921-e1928. https
://doi.org/10.1016/j.neurobiolaging.2011.02.017

Yoshioka K, Miki T, Katsuya T, Ogihara T, Sakaki Y (1991)
The 717Val—Ile substitution in amyloid precursor protein is
associated with familial Alzheimer’s disease regardless of ethnic
groups. Biochem Biophys Res Commun 178:1141-1146

Zafar F, Valappil RA, Kim S, Johansen KK, Chang ALS, Tetrud
JW et al (2018) Genetic fine-mapping of the lowan SNCA gene
triplication in a patient with Parkinson’s disease. NPJ PARKIN-
SON’S Dis 4:18. https://doi.org/10.1038/s41531-018-0054-4
Zimprich A, Benet-Pages A, Struhal W, Graf E, Eck SH, Off-
man MN et al (2011) A mutation in VPS35, encoding a subu-
nit of the retromer complex, causes late-onset Parkinson dis-
ease. Am J Hum Genet 89:168-175. https://doi.org/10.1016/j.
ajhg.2011.06.008

Zou ZY, Cui LY, Sun Q, Li XG, Liu MS, Xu Y et al (2013)
De novo FUS gene mutations are associated with juvenile-onset
sporadic amyotrophic lateral sclerosis in China. Neurobiol Aging
34(1312):e1311-e1318. https://doi.org/10.1016/j.neurobiola
ging.2012.09.005

@ Springer


https://doi.org/10.1111/j.1399-0004.2004.00356.x
https://doi.org/10.1038/375754a0
https://doi.org/10.1038/srep09124
https://doi.org/10.1038/ng.3246
https://doi.org/10.1038/ng.3246
https://doi.org/10.1007/s00401-015-1445-9
https://doi.org/10.1007/s00401-015-1445-9
https://doi.org/10.1038/ejhg.2014.75
https://doi.org/10.1038/ejhg.2014.75
https://doi.org/10.1016/j.ajhg.2013.09.008
https://doi.org/10.1016/j.ajhg.2013.09.008
https://doi.org/10.1111/ene.12772
https://doi.org/10.1111/ene.12772
https://doi.org/10.1038/nature20413
https://doi.org/10.1038/nature20413
https://doi.org/10.1016/j.neurobiolaging.2013.11.023
https://doi.org/10.1016/j.neurobiolaging.2013.11.023
https://doi.org/10.1136/jnnp-2017-315995
https://doi.org/10.1136/jnnp-2017-315995
https://doi.org/10.1016/j.cell.2015.03.026
https://doi.org/10.1016/j.cell.2015.03.026
https://doi.org/10.1186/s13059-016-0976-2
https://doi.org/10.1186/s13059-016-0976-2
https://doi.org/10.1002/humu.23295
https://doi.org/10.1016/j.neurobiolaging.2011.09.025
https://doi.org/10.1016/j.neurobiolaging.2011.09.025
https://doi.org/10.1038/nrg3241
https://doi.org/10.1038/nrg3241
https://doi.org/10.1016/j.parkreldis.2017.07.009
https://doi.org/10.1007/s00401-018-1850-y
https://doi.org/10.1007/s00401-018-1850-y
https://doi.org/10.1016/j.ajhg.2011.06.001
https://doi.org/10.1016/j.ajhg.2011.06.001
https://doi.org/10.1038/ng.712
https://doi.org/10.3233/JAD-2012-120172
https://doi.org/10.3233/JAD-2012-120172
https://doi.org/10.1093/brain/awn202
https://doi.org/10.1056/NEJM199112123252403
https://doi.org/10.1056/NEJM199112123252403
https://doi.org/10.1016/j.neurobiolaging.2011.02.017
https://doi.org/10.1016/j.neurobiolaging.2011.02.017
https://doi.org/10.1038/s41531-018-0054-4
https://doi.org/10.1016/j.ajhg.2011.06.008
https://doi.org/10.1016/j.ajhg.2011.06.008
https://doi.org/10.1016/j.neurobiolaging.2012.09.005
https://doi.org/10.1016/j.neurobiolaging.2012.09.005

	The role of de novo mutations in adult-onset neurodegenerative disorders
	Abstract
	Introduction
	Indirect arguments
	Methods and strategies for the detection of de novo mutations in AOND
	De novo mutations in known autosomal-dominant genes
	Chromosomes and copy number variations
	De novo point mutations: an earlier age of onset is associated with an increased DNM detection rate
	Recurrence of DNMs
	Repeat expansions
	Monogenic causes in sporadic patients: alternative hypotheses

	Looking for novel genes hit by de novo mutations: whole exome sequencing of trios
	Sporadic early-onset AD: enrichment of DNM in the Aβ network and in vitro characterization
	Two independent studies in ALS reveal one recurrently hit gene and pathway enrichment
	Protein–protein interaction and recurrence of variants in large cohorts of Parkinson disease patients
	WES of trios in AOND: validation warranted

	Somatic mutations in adult-onset neurodegenerative disorders
	Lessons from control brains and clues for the interpretation of somatic mutations in AOND
	Somatic mutations in patients with AOND

	Conclusions
	Acknowledgements 
	References




