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sequencing technologies have recently enabled the under-

taking of massive parallel sequencing projects that can cov-

er the entire coding sequences (exome) or genome of sev-

eral individuals at once. Such advances have thus fostered 

the emergence of novel genetic hypotheses and ideas to in-

vestigate disease-causative genetic variations. The genetic 

underpinnings of a number of sporadic complex diseases is 

now becoming partly explained and more major break-

throughs for complex traits genomics should be expected in 

the near future.  Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 The past decade saw a large body of linkage and asso-
ciation studies aimed at identifying the genetics underly-
ing common neurodevelopmental syndromes like autism 
(ASD) and schizophrenia (SCZ). These studies have met 
with limited success but altogether they contributed to 
the development of novel hypotheses and the reconsid-
eration of earlier ones. Complex traits like ASD and SCZ 
are believed to result from the combined effects of envi-
ronmental and genetic factors and more recently they 
have been explored under the ‘common disease-rare vari-
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 Abstract 

 Following the limited success of linkage and association 

studies aimed at identifying the genetic causes of common 

neurodevelopmental syndromes like autism and schizo-

phrenia, complex traits such as these have recently been 

considered under the ‘common disease-rare variant’ hy-

pothesis. Prior to this hypothesis, the study of candidate 

genes has enabled the discovery of rare variants in complex 

disorders, and in turn some of these variants have highlight-

ed the genetic contribution of de novo variants. De novo 

variants belong to a subcategory of spontaneous rare vari-

ants that are largely associated with sporadic diseases, which 

include some complex psychiatric disorders where the af-

fected individuals do not transmit the genetic defects they 

carry because of their reduced reproductive fitness. Interest-

ingly, recent studies have demonstrated the rate of germline 

de novo mutations to be higher in individuals with complex 

psychiatric disorders by comparison to what is seen in unaf-

fected control individuals; moreover, de novo mutations car-

ried by affected individuals have generally been more dele-

terious than those observed in control individuals. Advanced 
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ant’ hypothesis. This hypothesis supposes that rare high-
ly penetrant mutations predispose to these disorders, by 
opposition to the ‘common disease-common variant’ hy-
pothesis which proposes that a unique variant or a com-
bination of highly frequent variants could be responsible 
for these disorders. The emergent notion that rare vari-
ants could cause common complex traits has been con-
comitant with two major advances: a growing awareness 
of the recent rapid population expansion and the conse-
quent excess of rare variants as well as a revolution in the 
genomic tools to find these variants.

  In the meantime, the concept of de novo mutation 
which defines a variation detected in the genome of a pro-
band that is not present in the genome of both of their 
biological parents’ has become increasingly evoked across 
common neurodevelopmental syndromes. De novo mu-
tations belong to a subcategory of spontaneous rare vari-
ants and regroup single nucleotide variants, small inser-
tions or deletions and even larger copy-number variants 
(CNVs) and structural rearrangements. Among the ob-
servations supporting a role for de novo mutations in 
common diseases like ASD and SCZ are their maintained 
relatively high incidence, despite a reduction of the repro-
ductive fitness, and the limited success of classical linkage 
or association studies to explain the genetics behind these 
diseases. Considering the various genetic hypotheses and 
their inherent limits and issues, it is a challenge to elabo-
rate the best strategies to discover these diseases-causing 
variants. Fortunately, new technologies such as massive 
parallel sequencing are now making it possible to seek 
and identify all types of variants, from the very common 
ones to the most private ones at a complete genomic scale. 
Here, we will address various analysis strategies and some 
technical issues as well as promising emerging concepts 
that progressively modify the picture of complex trait ge-
nomics.

  Genomic DNA Variant Discovery Strategies: From 

Linkage Analyses to Massive Parallel Sequencing 

 The concept of a DNA variation (a variant) cannot be 
considered without the technology associated to its dis-
covery. Following a number of studies based on informa-
tion from the International HapMap Project that sought 
to identify common risk alleles in common diseases, a 
new avenue aimed at identifying more rare but penetrant 
variants has emerged with the recent approaches able to 
identify disease-causing variants. Working on case-par-
ent trios at the whole-exome or at the whole-genome 

scale is now a promising strategy to address complex dis-
eases because of the technological progresses recently 
made.

  Linkage Analyses and Association Studies: Searching 
for Common Variants in Common Complex Diseases 
 Classical family-based linkage studies are based on the 

fact that, during meiosis, genes that are physically close 
will remain linked and this consequently allows estima-
tions about the chromosomal locations of disease genes 
 [1] . Linkage studies have been successful in the identifi-
cation of a number of Mendelian causal genes  [2, 3] , yet 
they have inherent limitations like low power and a weak 
resolution for variants of modest effect  [4, 5] . Genome-
wide association studies (GWAS) are based on the as-
sumption that the genetic cause of a disease is the result 
of common DNA variants (present in more than 1–5% 
of the population) and may involve cumulative effects of 
a large number of these variants, each of them playing a 
modest role in the disease. According to this, each risk 
variant is postulated to confer a small degree of risk, but 
no variant alone is sufficient to cause the disorder. This 
gave rise to the International HapMap Project, a consor-
tium among worldwide researchers aimed at building a 
haplotype map of the human genome. Around 1,000,000 
single nucleotide polymorphisms (SNPs) were geno-
typed in phase I of this project, followed by a phase II that 
revealed the pattern of association among SNPs in the 
genomes and their variations across populations. Nu-
merous studies have therefore used the frequencies and 
patterns of association between these SNPs and the spe-
cific phenotypes observed for a given disease  [6–9] . The 
HapMap Project has had an undeniable impact on the 
studies of common diseases since it has enabled a new 
generation of genetic association studies based on ge-
nome-wide genotyping to examine cohorts of individu-
als with and without a particular disease. One important 
advantage of the GWAS approach using the HapMap-
based genotyping platform is its independence from pri-
or knowledge about the genes likely to be involved in a 
disease, hence providing unbiased insights into patho-
physiological mechanisms. Using this strategy, variants 
associated with various complex diseases such as macu-
lar degeneration, inflammatory bowel disease, or cardio-
vascular disease have been discovered and replicated in 
several studies  [10, 11] ; this has revealed unanticipated 
molecular pathways to be involved in these diseases. 
However, GWAS of complex traits have shown that 
common variants have modest effects and that very large 
cohorts are needed for their detection  [12] .   Numerous 
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additional factors such as the heterogeneity of studies 
and probands, incomplete clinical information and the 
existence of endophenotypes represent serious method-
ological caveats.   Additionally, GWAS approaches have 
only been able to explain 5–10% of the heritable content 
of most diseases  [13, 14] . The remaining so-called ‘miss-
ing heritability’ might therefore be from structural vari-
ants or less common variants with larger effect  [9, 15] . 
Indeed, most common variants individually or in com-
bination do confer relatively small increments in risk 
(1.1–1.5-fold). It has been demonstrated that odds ratios 
for common versus rare variants largely differ, the sec-
ond one generally reaching values of 3.5 or higher. Ad-
ditionally, the fact that GWAS designs are not suited to 
detect a minor allele frequency (MAF) <5% has led to the 
hypothesis that we could find a part of this missing heri-
tability with variants with a lower MAF. This could also 
explain why there is a limited success of GWAS to ex-
plain the genetic basis of many complex traits  [16–19] . 
On the other hand, the use of genetic markers to predict 
health outcomes has still to be further explored and im-
proved at multiple levels by integrating additional infor-
mation such as the impact of structural variations, e.g. 
CNVs, gene-to-gene interactions, as well as the role of 
the environment. More particularly, attempts are made 
to modify and improve our genetic architecture concepts 
and the statistical methods used to assess the role of SNPs 
in association studies. Methods such as whole-genome 
marker enabled prediction of genetic values have been 
developed and could help to understand the hidden her-
itability of common variants  [20, 21] .

  Sanger Sequencing of Candidate Genes: Towards Rare 
Variant Screening and de novo Variant Discovery 
 Considering the limitations of GWAS and the fact 

that complex traits are characterized by a wide genetic 
heterogeneity, direct sequencing of complete coding re-
gions of candidate genes to identify rare highly penetrant 
mutations has been explored in recent studies. The hy-
pothesis was that disease-causing mutations are more 
likely located on specific genes that are biologically rel-
evant for the disease. Additionally, these mutations are 
likely less tolerated or more susceptible to have an impact 
on the functionality of the resulting protein. Several 
strategies have been used to choose candidate genes for 
Sanger sequencing. For example, Piton et al.  [22]  focused 
on 111 X-linked synaptic genes in a well-defined cohort 
of patients with ASD and SCZ, based on the fact that 
these two diseases are likely to be synaptic disorders and 
that genes involved in these diseases should be related to 

the formation, regulation or function of the synapse. 
Candidate genes were chosen according to a scoring sys-
tem built on several criteria, including synaptic localiza-
tion, tissue expression pattern data, their effect on cogni-
tion in animal models or any involvement in a relevant 
pathway for disease or learning. Of interest, one de novo 
frameshift was found in gene  IL1RAPL1  which is in-
volved in calcium-regulated vesicle release and dendrite 
differentiation in one patient with ASD  [22] . In another 
candidate gene study, the hypothesis was based on the 
fact that glutamatergic synapses could play a major role 
in common neurodevelopmental disorders such as in-
tellectual deficiency (ID), ASD and SCZ  [23–25] . The 
screening was done on 197 genes encoding for various 
synaptic glutamate receptor complexes (enriched in pro-
teins involved in synaptic plasticity, learning and mem-
ory) and their known interacting proteins in sporadic 
cases of non-syndromic ID (NSID). Interestingly, de 
novo mutations were found in 11% of the patients, the 
majority of them being predicted to be pathogenic and 
affecting the protein function. Similarly, rare or de novo 
point mutations were also evaluated in the neurexin gene 
family ( NRXN1 ,  NRXN2  and  NRXN3 ) in 379 subjects af-
fected by ASD, SCZ or NSID and their parents by coding 
exons and flanking splice junction Sanger sequencing 
 [26] . A de novo truncating mutation in  NRXN1  and a 
truncating mutation in  NRXN2  were found in a patient 
with SCZ and ASD, respectively, which underscores the 
role of rare variants in these diseases as well as the impor-
tant role of synaptic organizing proteins and the impact 
of neurexin molecular pathways in the pathogenesis of 
these neurodevelopmental disorders. Rare mutations in 
multiple neuroligins ( NLGN1 ,  NLGN3  and  NLGN4 ) 
have also been reported in ASD and ID  [27–32]  as well 
as variants in  LRRTM1  and  LRRTM4  in SCZ and ASD 
 [33, 34] . Another successful candidate gene analysis 
identified 2 de novo mutations in the coding region of 
 SHANK3  following the screening of 185 unrelated SCZ 
patients  [35] . One of them, a nonsense de novo R1117X 
mutation, was identified in a proband and his 2 affected 
brothers, revealing a germline mosaicism inferred from 
the haplotype analysis. Interestingly,  SHANK3  was 
shown to be gene-dosage sensitive  [36] , and numerous 
studies previously identified a linkage in SCZ families at 
locus 22q11–13 which includes  SHANK3   [37–41] . Hence, 
candidate gene studies have had a great impact on the 
discovery of important rare variants in complex diseases 
and have also confirmed that de novo variants could ex-
plain a part of the missing heritability in these complex 
traits.
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  Massive Parallel Sequencing – A Genome-Wide 
Analysis Tool to Detect Disease-Causing Variants at 
the Very Single-Base Level 
 For several years now, revolutionary technologies have 

catalyzed the development of massive parallel sequencing 
and allowed the opening of new avenues to address the 
impact of genetic variations on human health  [42] . This 
now offers a reliable way at an unprecedented speed and 
the resolution to process millions of sequence reads in 
parallel, hence providing a comprehensive picture of the 
human genome at a very lower cost. Whole-genome se-
quencing is the ultimate approach for the detection of ge-
nomic variations in a patient’s genome, whereas exome 
sequencing focuses on the protein-coding regions  [43] . By 
quickly detecting sequence variations at the exome or 
whole-genome scales, it is now possible to rapidly search 
for the underlying genetic components of a complex dis-
ease and to identify disease-causing variations in affected 
individuals  [44, 45] . With these new technologies, we can 
now address an increasing number of questions and is-
sues, from the identification of a novel entity (bacteria, 
parasites) to the analysis of DNA obtained from a tumor 
or from an affected patient with a known or unknown dis-
ease, all within a reasonable timeline. One of the strength 
of next-generation sequencing (NGS) is its ability to iden-
tify in an unbiased manner different mutations in many 
different genes, a strategy that facilitates the study of het-
erogeneity in a given complex trait. As a proof of concept, 
Toydemir et al.  [46]  successfully used exome sequencing 
to evaluate whether it would be possible to retrieve the 
causative gene in 4 unrelated individuals with Freeman-
Sheldon syndrome, a rare autosomal dominant disorder 
caused by a known mutation in  MYH3  gene. They suc-
cessfully identified the expected gene that had various mu-
tations shared by the 4 affected individuals. This was the 
first demonstration that NGS is a reliable strategy to iden-
tify disease-causing variants even in a small number of 
unrelated patients. Ng et al.  [47, 48]  later used exome se-
quencing to identify the unknown causative gene of Mill-
er syndrome, a rare Mendelian disease. By sequencing 
only 4 patients and 8 controls, they identified multiple 
coding insertions and deletions (indels), non-synony-
mous and splice site variants in a single candidate gene, 
 DHODH , in the affected cases (none of which were pres-
ent in the controls). In another study, Choi et al.  [49]  iden-
tified a variant in a highly conserved position in an indi-
vidual with unclear diagnosis; the homozygous missense 
(D652N) was in a gene causing congenital chloride-losing 
diarrhea ( SLC26A3 ) and was consistent with the patient’s 
symptoms, hence proving for the first time that NGS is 

also a reliable tool for medical diagnosis. NGS can also be 
used in combination with another analysis strategy such 
as linkage analysis. Sobreira et al.  [50]  used a combined 
analysis strategy, the first one aimed at focusing on a re-
gion of interest using linkage analysis and the second one 
using NGS to sequence the whole genome of 1 affected 
individual and 8 controls and then analyze all rare variants 
located in the region of interest; this led to the discovery 
of a rare deletion and a nonsense variant in gene  PTPN11  
in 2 patients with metachondromatosis, a dominant dis-
ease with incomplete penetrance  [50, 51] . The use of 
exome or whole-genome sequencing to identify rare vari-
ants in complex traits has now proved to be a viable and 
efficient approach and the list of successful studies keeps 
growing. Various steps could nonetheless be improved, 
from the selection of ideal individuals to be sequenced to 
the choice of variant-filtering criteria, in order to build 
more refined lists of variants and candidate genes. While 
recessive disorders are easier to address by selecting rare 
homozygous or compound heterozygous variants, domi-
nant disorders still remain a challenge  [43] . Cirulli and 
Goldstein  [51]  suggest that by choosing the most distant-
ly related individuals in a pedigree or by selecting indi-
viduals with extreme-trait phenotype, we could improve 
our results and get the most out of these technologies.

  Rare Variants: The Most Recent Advances 

 Rare Variants Are ‘Common’ 
 Across the spectrum of allele frequencies found in a 

given population, 3 major classes of variants can be ob-
served according to their respective MAF: common vari-
ants (MAF >5%), rare variants (MAF <0.5 or 1%) and 
intermediate allele-frequency variants with a MAF be-
tween these 2 values. The strategy to search for rare dis-
ease-causing variants is based on the fact that the disease 
being studied is deleterious in regard to reproductive fit-
ness; so a variant promoting this disease should be se-
lected against and therefore it could not be common. It is 
believed that low-frequency and rare variants conferring 
susceptibility to common complex diseases may have 
larger effect sizes compared to the common variants iden-
tified to date. Such rare variants are subjected to natural 
selection and are therefore either removed or maintained 
at a low frequency  [52–54] . Interestingly, rare genetic 
variants are predicted to largely outnumber common 
variants in the human genome  [55, 56] . In the context of 
the resequencing of 408 brain-expressed genes in a cohort 
of ASD and SCZ patients, it was reported that rare mis-
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sense variants showed an increase of predicted detrimen-
tal effects and that some specific genes had an excess of 
rare missense variants, as observed in genes  GRIN2B , 
 MAP1A  and  CACNAF1   [53] . Moreover, it has recently 
been reported that the distribution of MAFs is skewed 
towards an excess of rare variants: over one-third of all 
polymorphisms have frequencies <5%  [57] . Two different 
groups have recently published the results of NGS of large 
populations and specifically characterized the rare vari-
ant events  [58, 59] . Interestingly, they found that the ma-
jority of coding variations are rare, novel and deleterious. 
Following exome sequencing of 15,585 human protein-
coding genes in 2,440 individuals from both European 
and African ancestry, Tennessen et al.  [59]  found that 
among more than 500,000 rare variants, 86% had a MAF 
<0.5%. Interestingly, among the point mutations detect-
ed, 38% were synonymous, whereas 58% were non-syn-
onymous (of them, 97.8% were missenses and 2.11% non-
senses), and the remaining 4% were targeting splice sites 
or non-coding regions. Moreover, based on several pre-
diction softwares, at least 16.9% were predicted to be del-
eterious. They also demonstrated that the proportion of 
rare variants per base pair in each gene is higher than that 
of common variants, and the average ratio of rare to com-
mon alleles per base pair is 6:   1. Nelson et al.  [58]  se-
quenced 202 candidate genes (known or supposed drug 
targets) in 14,002 individuals, and also demonstrated a 
very high number of rare variants (MAF <0.5%) com-
pared to common variants, an observation that the au-
thors have linked to the recent exponential growth of the 
human population. These variants are believed to have 
appeared very recently in the human evolution history. In 
fact, Nelson et al. [50] showed that a study based on few-
er than 100 individuals will allow the discovery of rare 
variants with a frequency around 1:   100, with a focus on 
rare variants dated from a long time ago. When the sam-
ple size gets larger, the amount of very rare variants (MAF 
<0.01%) becomes more detectable. These rare variants 
are also young variants, dated from less than 2,500 years 
ago. This implies that a rare variant found in a cohort of 
100 individuals is likely to be older than a variant with a 
MAF of 0.005% in a cohort of 10,000 individuals. Com-
mon variants with a frequency >5% have likely been seg-
regating for several tens of thousands of years  [60] . Con-
sequently, the larger the sample, the more recent the his-
torical period it targets  [61] . Therefore, rare variations 
(with a MAF <1%) which have resulted from the recent 
expansion of the human population likely contribute to 
human phenotypic variation and to disease susceptibility 
as they have been subjected to less selection.

  De novo Variants – What, Where, and How Many? 
 De novo germline mutations have been extensively 

studied in the context of neurodevelopmental diseases 
such as psychiatric disorders, where a maintained occur-
rence is observed despite a decreased fertility in affected 
cases. In fact, this mutation type is clearly associated with 
sporadic diseases and is globally found to be more delete-
rious than inherited variation, based on the fact that it has 
been subjected to less stringent evolutionary selection 
 [54, 62] . De novo chromosomal abnormalities and de 
novo CNVs detected by genomic microarrays have been 
largely studied in ASD, SCZ and ID  [63–69] . It has been 
shown that large de novo CNVs occur in 10% of the pa-
tients with ASD and ID  [30, 65, 68–71] . We have also dis-
cussed above that candidate gene screening using Sanger 
sequencing allowed for the fine tuning detection of small 
indels and de novo point mutations.

  De novo mutations can occur in the germline, during 
embryogenesis or somatically as revealed in the case of 
Proteus syndrome  [72] . Of note, detecting somatic de 
novo mutations is more complex than calling de novo 
germline mutations, since in this case somatic mutations 
are not expressed in all tissues; in fact, to be more pre-
cisely defined, it would require NGS of a single cell  [73] . 
If both somatic and germline mosaicism exist, only the 
latter contributes to the transmission of what might ap-
pear to be a de novo mutation to the offspring. Interest-
ingly, the rate of germline de novo mutations is higher in 
individuals with genetic diseases. This implies that there 
would be an excess of de novo mutations in individuals 
affected by a complex trait. This point has been intro-
duced by a reported excess of de novo CNVs in ASD and 
SCZ compared to controls  [69, 74, 75] . More recently, 
Awadalla et al.  [76]  have demonstrated that the sequenc-
ing of 401 genes in families with affected individuals re-
vealed an excess of missense relative to neutral de novo 
mutations and consequently potentially disease-predis-
posing de novo mutations in the SCZ and ASD cohort, 
and that these mutations are therefore located in candi-
date genes for SCZ and ASD. They identified 15 validated 
de novo mutations which were either germline-derived 
mutations or had arisen as somatic mutations in blood 
tissue; among them, 14 were detected in the ASD and SCZ 
cohort. This corresponds to 5% of the affected individu-
als, and the fact that the rate of missense or nonsense to 
neutral or genome-wide mutations is 5 times higher sup-
ports that the mutations found could be causative for 
ASD or SCZ.

  There are several lines of evidence supporting the role 
of de novo mutations as a mechanism causing common 
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complex traits such as SCZ and ASD. Mutations in genes 
leading to severe diseases often cause lethality at embry-
onic stages or a reduced reproductive fitness. Therefore, 
such mutations are not transmitted to multiple family 
members and thus cannot be discovered through the clas-
sical technique of linkage gene mapping or association 
studies. In addition, in diseases such as SCZ and ASD, 
there is a large difference in the prevalence in monozy-
gotic and dizygotic twins, which could also be explained 
by a spontaneous novel mutation and supports a de novo 
model  [77, 78] . The incidence rate of these complex traits 
is maintained through time and generation at a relatively 
high and constant level (1% worldwide for ASD and 
SZC). Moreover, there is a significant increased risk of 
these diseases with increasing paternal age, which is par-
allel to an age-related increase in paternal de novo muta-
tions  [79–81] . Indeed, the male-to-female ratio of the de 
novo mutation rate is estimated to be 4–6:   1 due to a high-
er number of germ-cell divisions in males; so one would 
predict that de novo mutations would be more frequent 
in males and even more in older males. This male bias is 
thought to be linked to the increased number of cell divi-
sions in the male germline and the consequent increased 
chance of replication mistakes, whereas other replication 
mistakes are due to a selective advantage conferred by de 
novo mutations during the spermatogenesis  [82, 83] . The 
importance of the father’s age for the rate of de novo mu-
tations has been reinforced by a very recent study show-
ing that the mutation rate in a given population is highly 
linked to the father’s age in the group. This last one is now 
an unavoidable parameter when addressing complex dis-
eases such as SCZ or ASD  [80] . Several hypotheses could 
explain the apparition of a de novo mutation, among 
them the DNA environment (chromosomal location, 
surrounding DNA sequence types, repetition), the nucle-
otide composition and any DNA repair mechanism im-
pairment  [84, 85] . 

  Recently, the de novo germline mutation rate has been 
estimated at around 1.18 × 10 –8  per position for point 
mutations, corresponding to 74 novel variants per ge-
nome per generation  [86] . For small indels, it has been 
estimated at around 4 × 10 –10  per position, resulting in 3 
novel indels per genome per generation  [87] , and CNVs 
larger than 100 kb are estimated to occur de novo in 1 out 
of 50 individuals  [88] . Comparative genomic methods es-
timate that in any single conceptus there are 1–3 new del-
eterious mutations that lead to an altered amino acid per 
genome, hence corresponding to 1 new potentially dam-
aging mutation in 10,000 genes/zygote  [89] . The de novo 
hypothesis has had a major impact on autosomal NSID. 

Given the lower reproductive fitness in this disease and 
the fact that de novo chromosomal rearrangements rep-
resent the most recognized cause of ID has raised the hy-
pothesis that de novo point mutations could be a possible 
avenue to explore. A candidate gene approach revealed
3 de novo protein-truncating mutations in 3 out of 94
patients with non-syndromic mental retardation in
 SYNGAP1 , coding for a GTPase-activating protein  [90] . 
The resulting mutated protein lacked key-interacting do-
mains (RASGAP and QTRV) which are involved in syn-
aptic plasticity and spine morphogenesis important for 
learning and memory  [91, 92] . So it seems that disruption 
of  SYNGAP1  by truncating de novo mutations is asso-
ciated with a homogeneous clinical phenotype charac-
terized by moderate-to-severe mental retardation and se-
vere language impairment. Hamdan et al.  [93]  also re-
ported a significant enrichment of functional versus 
neutral de novo mutations in a NSID cohort in genes
 KIF1A ,  GRIN1 ,  EPB41L1  and  CACNG2 . These de novo 
mutations were located at well-conserved residues, were 
predicted to be damaging and affected protein function 
in cell culture  [93] . Indeed, since de novo mutations oc-
cur spontaneously, they are less subjected to evolutionary 
selection  [54, 62]  and therefore may be more deleterious. 
This is one of the reasons why this type of mutation is 
believed to cause sporadic genetic diseases by affecting a 
key protein structure or its important functional do-
mains.

  Massive Parallel Sequencing and Screening for 

de novo Variants – A Winning Strategy to Address 

Complex Traits 

 A complex trait results from the confluence of vari-
ous non-genetic and genetic factors as various as SNPs, 
CNVs, microRNA, splice variants, posttranslation modi-
fications, DNA modifications, external environment, or 
chromatin modifications. By influencing gene expres-
sion, protein structure and function, a deleterious variant 
can have a profound impact on interacting networks that 
together influence susceptibility to a complex phenotype 
and account for the genetic component of a complex 
trait’s etiology. The neural circuitry is a highly complex 
platform which offers a large number of deleterious mu-
tational targets that could predispose to neurodevelop-
mental diseases. As we have previously introduced, rare 
variants are actively contributing to several complex psy-
chiatric diseases. The availability of whole-genome or 
exome sequencing now permits the discovery of de novo 
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mutations, including point mutations and small indels at 
the genome-wide scale  [51, 67, 94] . An increased number 
of studies aimed at characterizing the mutation rate and 
the fine-mapping of de novo mutations as well as their 
association with diseases has therefore progressively 
emerged  [67, 95] .

  Examples of Successful Studies 
 The discovery of de novo mutations by exome se-

quencing was first achieved with the rare syndromic 
forms of dominant sporadic diseases, i.e. Schinzel-Giedi-
on syndrome and Kabuki syndrome  [96, 97] , both char-
acterized by ID and typical facial features. Hoischen et al. 
 [96]  prioritized heterozygous de novo mutations in a sin-
gle gene as Schinzel-Giedion syndrome occurs sporadi-
cally. Exome sequencing was done on 4 unrelated indi-
viduals to identify potentially causing variants. De novo 
mutations in all 4 patients were found in the  SETBP1  
(SET-binding protein 1) gene, and were further con-
firmed in 8 out of 9 additional individuals by Sanger se-
quencing screening  [96] . In the case of Kabuki syndrome, 
a heterogeneous disease, mutations in the  MLL2  gene 
were found to be de novo in one of the cases and trans-
mitted from parents to children in other cases  [97] . In 
Bohring-Opitz syndrome, a sporadic disease character-
ized by a severe ID, exome sequencing allowed for the 
identification of a number of de novo mutations resulting 
in an heterozygous stop codon in one gene,  ASXL1  (ad-
ditional sex combs-like 1), in the 3 affected individuals 
that were sequenced, a finding that was further confirmed 
by Sanger sequencing in 4 additional patients  [98] . Vis-
sers et al.  [67]  used a family-based exome sequencing ap-
proach to test the de novo mutation hypothesis in ID and 
sequenced 10 case-parent trios. Nine de novo mutations 
were detected in 7 different patients; 8 of these mutations 
were heterozygous on the autosomes and 1 was hemizy-
gous on the X chromosome, all in different genes. Among 
them, some deleterious de novo mutations were found in 
different genes such as  RAB39B  or  SYNGAP1 , two impor-
tant candidate genes involved in brain structure and 
function. Sanders et al.  [99]  performed whole-exome se-
quencing in 238 families from the Simons Simplex Col-
lection (SSC), a major research project that has led to the 
collection of genetic samples from 2,700 families with one 
ASD child, unaffected parents and additional siblings. 
They clearly showed that non-synonymous de novo mu-
tations and more particularly highly damaging ones, such 
as nonsense and splicing variants, were strongly associ-
ated with ASD. An additional study using families from 
the SSC also revealed that highly disrupting mutations are 

statistically more frequent in children with ASD than in 
unaffected siblings, in contrast to missense or synony-
mous mutations, and that the paternal line is the main 
source for these de novo variations, the majority of them 
taking place before conception  [100] . Finally, recent stud-
ies that combined exome sequencing data and protein-
protein interaction network and pathway analysis data 
revealed that de novo mutations were targeting genes be-
longing to common functional pathways  [101, 102] .

  SCZ – Step by Step 
 High heritability (80%) has been demonstrated in 

SCZ, and the predominant view was that the genetic basis 
for this disease involves a combination of multiple com-
mon variants which interact with various environmental 
factors. However, after different genetic approaches, such 
as segregation analysis, cytogenetics studies, genome-
wide linkage, GWAS and CNVs, a few causative variants 
were identified and replicated  [103–106] . The hypothesis 
that de novo mutations could cause SCZ is attractive, 
since this model is particularly fitted for such a largely 
sporadic disease. Indeed, an enrichment of de novo CNVs 
was found in patients with SCZ  [69, 107, 108] . Addition-
ally, some structural variants with a frequency <0.5% and 
a genotypic relative risk of 5–20 have been demonstrated 
to play a role in SCZ, even if none of them is fully pene-
trant and sometimes shared with other phenotypes such 
as ASD or developmental delay  [109, 110] . Rare struc-
tural variants have been found in  NRXN1  and  VIPR2 , and 
some studies have reported rare structural variants and 
sometimes de novo structural variants in genes belonging 
to common functional pathways, suggesting potential
enrichment for disruption in genes involved in neuronal 
pathways such as postsynaptic signaling  [108, 111–114] . 
In parallel, de novo CNVs have also emerged as an im-
portant genomic cause of SCZ  [115] , the variant with the 
strongest association being the 22q11.2 microdeletion, a 
recurrent and de novo mutation  [69, 116] . Based on in-
creasing evidence suggesting that defective synaptic func-
tion could account for this type of neurodevelopmental 
diseases  [117–119] , several genes were screened using the 
candidate gene approach.  KIF17 , a dendrite-specific mo-
tor protein, was screened in 188 patients with sporadic 
SCZ and a de novo truncating mutation was reported in 
1 SCZ patient  [120] . This deleterious mutation was fur-
ther confirmed in a zebrafish model, where knocking 
down of its expression resulted in a developmental defect. 
Another gene,  SHANK3 , was also sequenced in 185 SCZ 
trios (probands and parents) and 285 controls, since its 
implication in sporadic SCZ cases was also reinforced by 
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a model of heterozygous  SHANK3  knock-out mice that 
displayed deficits in hippocampal long-term potentia-
tion, supporting a role for this gene in synaptic transmis-
sion and plasticity  [121] . Interestingly, one nonsense and 
one missense de novo variants were found in this gene in 
a SCZ cohort  [35] . Girard et al.  [122]  have recently se-
quenced the exomes of 14 individuals with SCZ and their 
parents (trios). Interestingly, they found 15 de novo mu-
tations in 8 SCZ individuals. Among the 15 mutations, 4 
were nonsense mutations in  LRP1 ,  ALS2CL ,  ZNF480  and 
 KPNA1  and therefore caused a premature stop codon. A 
major observation in this study was that the ratio of non-
sense to missense mutations is 4:   15, which is significant-
ly higher than the expected 1:   20 ratio, as evaluated in a 
previous study  [122] . This study strongly suggests that 
there is an enrichment of de novo mutations within cod-
ing sequences in patients with SCZ. This highlights the 
fact that the de novo mutation rate is significantly in-
creased in SCZ and that a portion of sporadic complex 
diseases is very likely caused by de novo mutations. In a 
similar study, exome sequencing of 53 family trios of sub-
jects diagnosed with SCZ or schizoaffective disorder as 
well as 22 unrelated healthy controls recruited from the 
genetically homogeneous Afrikaner population of Euro-
pean descent in South Africa also supports a de novo mu-
tational paradigm for SCZ  [123] . Interestingly, 34 de 
novo point mutations (32 being non-synonymous mis-
sense mutations) and 4 de novo indels were observed. 
Among the 34 missenses, 19 were predicted to affect the 
protein function. Globally, 27 out of 53 cases carry at least 
one de novo mutational event corresponding to 51%, a 
rate which is comparable to a rate of 51% previously 
found in 20 parent-child trios with ASD  [94] . In the con-
trol cohort, 7 out of 22 individuals carried de novo events. 
A major observation in this study is that the ratio of non-
synonymous missense to synonymous de novo changes is 

16:   1, which is higher than the expected 2.85:   1 and the 
observed 1.33:   1 in the control cohort. Hence, de novo 
variants are 10 times more likely to harbor non-synony-
mous changes than inherited rare variants in SCZ spo-
radic cases. Overall, these 2 analyses using exome se-
quencing demonstrate a significant enrichment of poten-
tially deleterious variants among de novo events in SCZ 
cohorts.

  Conclusion 

 NGS has already profoundly modified the genetic 
analysis of complex traits, and greatly enhanced the de-
tection of de novo mutations. Using these rapidly evolv-
ing high-throughput sequencing tools to search for de 
novo mutations at the whole-genome scale was found to 
explain in part the genetic underpinnings of a number of 
sporadic complex diseases, which despite a reduced fit-
ness still remain frequent in the global population. It is 
now more convincing than ever that those rare variants 
play a central role in neurodevelopmental diseases and 
this supports an old hypothesis that rare variants could
be the primary drivers of complex diseases. More spe-
cifically, de novo variants explain a part of the missing 
heritability for sporadic diseases. Now that sequencing 
platforms to rapidly screen the entire genome of an indi-
vidual are widely available and that variant-prioritizing 
analytical software enables the testing of more and more 
hypotheses, one of the next challenges will be to find a 
way to predict the effects of mutations at the pathophysi-
ological level. Building an interactome map of the neuro-
nal system through our growing knowledge of its molec-
ular pathways, its dysfunctions and future discoveries will 
probably be an important avenue for a better understand-
ing of neurodevelopmental diseases.
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