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ABSTRACT
Human germline mutations arise anew during meiosis in
every generation. Such spontaneously occurring genetic
variants are termed de novo mutations. Although the
introduction of microarray based approaches led to the
discovery of numerous de novo copy number variants
underlying a range of human genetic conditions, de
novo single nucleotide variants (SNVs) remained
refractory to analysis at the whole genome level until the
advent of next generation sequencing technologies such
as whole genome sequencing and whole exome
sequencing. These approaches have recently allowed the
estimation of the mutation rate of de novo SNVs and
greatly increased our understanding of their contribution
to human genetic disease. Indeed, de novo SNVs have
been found to underlie various common human
neurodevelopmental conditions such as schizophrenia,
autism and intellectual disability, as well as sporadic
cases of rare Mendelian disorders. In many cases,
however, confirmation of the pathogenicity of identified
de novo SNVs remains a major challenge.

INTRODUCTION
Germline mutations arise anew during meiosis in
every generation. Such spontaneously occurring
genetic alterations are termed de novo mutations
and this term serves to describe those heritable
mutations that neither parent possessed or trans-
mitted. Thus, de novo mutations are mutations that
arose in the gametes of an individual’s parents as
distinct from post-zygotic somatic mutations that
may have arisen post-fertilisation.1–3

De novo mutations are evident in the context of
a range of different types of lesion, from single
nucleotide variants (SNVs) to small indels of mul-
tiple bases, to larger structural variations including
deletions, duplications, and other chromosomal
rearrangements. Studies of human de novo muta-
tions on a genome wide scale were, until compara-
tively recently, extremely challenging owing to the
technological limitations of available screening
methods. Microarray based technologies have been
deployed very successfully in the context of de
novo copy number variants (CNVs), most notably
in the identification of submicroscopic deletions
and duplications underlying schizophrenia and
intellectual disability.4–9 However, these microarray
based methodologies were inadequate to the task of
investigating de novo SNVs and small indels on a
genome wide scale. Such studies required large
scale sequencing which was simply not feasible by
means of Sanger sequencing. Thus, the extent to
which de novo SNVs and small indels contribute to

the burden of human genetic disease has remained
largely unexplored. The advent of high throughput,
next generation sequencing (NGS) technologies has
now ushered in a new era in the study of these
types of de novo mutation in the human genome.10

Whole exome sequencing (WES) and whole
genome sequencing (WGS) can now be rapidly per-
formed on parent–offspring trios to identify de
novo SNVs residing either within the protein coding
regions or the entire genome.1–3 However, the
majority of studies reported to date have adopted
WES (see online supplementary table S111–36)
owing to: (1) the fact that WES is cheaper and ana-
lytically less challenging than WGS; and (2) that
most of the sought after disease causing and/or
deleterious mutations are expected to be found
within the protein coding regions. In this article, we
review and summarise recent discoveries of de novo
SNVs (ie, single nucleotide substitutions) causing
human genetic disease. We focus on those studies
which have applied WES to the investigation of de
novo SNVs and their implications for our under-
standing of the aetiology of common complex dis-
eases as well as rare Mendelian diseases. We also
discuss the potential clinical applications of NGS in
the genetic diagnosis of those diseases characterised
by a high frequency of de novo SNVs.

TECHNOLOGICAL ADVANCES
By definition, WES focuses on sequencing the entire
set of exons (protein coding regions) in the
genome.37 As such, and in contrast to WGS, it
requires exome enrichment before massively parallel
sequencing. The development of a battery of whole
exome enrichment methods was therefore a pre-
requisite for the success of this approach.38 During
the sequence enrichment steps, the genomic regions
of interest (ie, all exons) are captured through hybrid-
isation selected DNA fragments using oligonucleotide
probes, whereas the unwanted DNA sequences (ie,
the non-coding regions) are removed before sequen-
cing. Different commercial exome enrichment
methods vary markedly in terms of the size of their
targeted exomes and the specific genomic regions
being enriched.39–42 Genomic enrichment leads to a
significant reduction in the proportion of the genome
that needs to be sequenced; hence WES can achieve
higher sequencing coverage. Thus, since the exome
comprises only ∼30 Mb of genomic DNA sequence43

(the actual targeted size being dependent on the
precise choice of exome enrichment method
adopted), approximately 3 Gb of filtered sequence
reads or sequencing data are sufficient to achieve an
average 100× depth of coverage. Achieving sufficient
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depth of coverage is particularly important for the detection of het-
erozygous de novo mutations which are characteristic of dominant
conditions, in order to ensure that both alleles are sequenced
adequately. These sequence enrichment methods, coupled with
the high throughput NGS technologies such as Illumina HiSeq
and Life Technologies SOLiD sequencing platforms, have together
heralded a veritable explosion of WES applications in delineating
the genetic causes of rare Mendelian disorders with new insights
even for some common complex diseases (eg, schizophrenia,
autism, and intellectual disability).44–49

DE NOVO MUTATIONS IN HUMAN GENETIC DISEASE
Owing to technological limitations, the contribution of de novo
SNVs to human genetic disease (both common complex diseases
and rare Mendelian disorders) has until recently remained
largely unexplored, at least at the whole genome level. De novo
SNVs are nevertheless likely to have profound clinical and/or
phenotypic consequences when they impact functionally
important nucleotides in the genome (eg, nonsense and splice
site mutations or missense mutations in evolutionarily conserved
sequences). However, only a relatively small proportion of the
de novo SNVs occurring at each meiosis are nonsense and splice
site mutations or will alter functionally important nucleotides,
and hence are likely to be disease causing (see online supple-
mentary table S1). Although de novo CNVs were shown quite
early on, by means of whole genome microarrays, to be asso-
ciated with several common neurodevelopmental diseases,4–9 it
was not until comparatively recently that de novo SNVs were
also implicated in the aetiology of schizophrenia, autism/autism
spectrum disorder (ASD) and intellectual disability through the
WES of affected trios.50–56 In similar vein, de novo SNVs have
also been found to be responsible for sporadic cases of various
rare dominant Mendelian disorders such as Kabuki syndrome
(MIM 147920), Schinzel–Giedion syndrome (MIM 269150),
and Bohring–Opitz syndrome (MIM 605039).11–13 These
Mendelian disorders are also characterised by multiple neurode-
velopmental defects; thus, for example, Bohring–Opitz syn-
drome is a clinically recognisable syndrome characterised by
severe intellectual disability, distinctive facial features, and mul-
tiple congenital malformations.13

COMMON DISEASES
It has been postulated that the occurrence of de novo mutations
might explain why diseases characterised by dramatically
reduced fecundity such as schizophrenia, autism, and intellectual
disability nevertheless remain fairly common in the general
population. If this were to be the case, the de novo mutations
occurring in these diseases would serve to replenish the number
of highly penetrant disease mutations in every generation
despite continual negative selection against the disease alleles.
Consistent with this hypothesis, de novo CNVs have been
shown to be a common cause of schizophrenia, autism, and
intellectual disability.57 58

De novo SNVs have also been identified in schizophrenia
through the WES of affected case–parent trios.52 The exomes of
53 sporadic schizophrenia cases (with no history of the disease
in a first or second degree relative), 22 unaffected controls and
their parents were sequenced. This study implemented a set of
filters to eliminate false positive de novo variants (ie, these
would appear to occur de novo either as a consequence of non-
detection in the parents or due to systematic false positive calls
in the offspring), including validation by Sanger sequencing. As
such, the study identified a total of 34 de novo point mutations
(33 SNVs and one dinucleotide substitution) and four de novo

indels (microdeletions or microinsertions) in the affected trios
throughout the exomes. This study found an excess of non-
synonymous changes among the identified de novo SNVs in
schizophrenia cases, as well as an increased likelihood of mis-
sense variants affecting protein structure and function when
compared with the rare inherited exonic variants identified in
the same study. Of the 34 de novo point mutations identified,
32 were missense mutations, 19 of which affected evolutionarily
conserved positions and were predicted bioinformatically (by
PolyPhen-2 analysis) to alter protein function. In addition, three
of the de novo indels were predicted to give rise to protein trun-
cations whereas one resulted in a single amino acid deletion.
Overall, 27 of the 53 cases of schizophrenia were found to
carry at least one de novo mutation (SNVs or/and indels).
However, it is noteworthy that several exonic de novo SNVs
(four non-synonymous and three synonymous) were also identi-
fied in seven of the 22 control subjects.52 This highlights the
fact that distinguishing pathogenic and/or deleterious de novo
mutations from non-disease-associated de novo mutations can
be a tricky task; indeed, it has become clear that de novo non-
synonymous SNVs detected in controls need not necessarily be
pathogenic.

By contrast, sequencing of complete genomes from two
‘apparently healthy’ parent-offspring trios (from the HapMap
CEU (Utah residents with Northern and Western European
ancestry) and YRI (Yoruba in Ibadan, Nigeria)) identified a total
of 49 and 35 germline de novo mutations in two parent off-
spring (CEU and YRI) trios, respectively.2 However, none of
these was non-synonymous SNVs, and only one synonymous
SNV was detected in the CEU trio. A larger study on apparent
healthy trios would be needed to determine the occurrence of
de novo non-synonymous SNVs occurred per meiosis. Thus,
additional evidence would generally be required to demonstrate
the pathogenicity of a given de novo non-synonymous SNV—
for example, prediction of protein damage, evolutionary conser-
vation of the affected nucleotide or amino acid residue—and
whether the SNV is located in a gene already known to be
responsible for the disease in question, or at least a gene which
is a biologically plausible candidate for disease involvement (this
is discussed in more detail below). Girard et al53 also applied
WES to 14 trios (each trio comprising an individual with schizo-
phrenia plus his or her parents) and identified 15 de novo SNVs
in different genes in eight of the schizophrenia probands. Of
these 15 validated de novo SNVs, four were nonsense SNVs
(the remaining were missense) predicted to lead to premature
termination of translation. The predicted effect on protein func-
tion of the 11 missense SNVs includes benign, possibly dam-
aging, and probably damaging. It has been well known from the
inherited variants as well, that the prediction on protein func-
tion alone is inadequate to determine the pathogenicity of de
novo missense SNVs, and additional lines of evidence are
required.

In a parallel development, de novo SNVs were also found at
elevated frequencies in ASD/autism.51 54–56 This phenomenon
was first noted in a WES study of 20 sporadic ASD cases and
their parents that identified 18 de novo SNVs within coding
sequence, 11 of which were protein altering (missense and non-
sense).51 Potentially causative de novo SNVs were identified in
the FOXP1, GRIN2B, SCN1A, and LAMC3 genes, respectively,
in four unrelated ASD probands who were among the most
severely affected individuals studied.51 Interestingly, de novo
mutations in some of these genes had already been found in
association with a variety of different neurodevelopmental phe-
notypes. For example, four de novo mutations in the GRIN2B
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gene were identified in a study of 468 individuals with intellec-
tual disability.59 Similarly, de novo mutations in the FOXP1 gene
had been identified in individuals with intellectual disability,
autism, and language impairment.60 61 A pleiotropic effect for
these genes in different neurodevelopmental disorders is there-
fore to be suspected—it follows that de novo mutations in these
genes could give rise to variable phenotypic expressivity or even
a spectrum of neurodevelopmental phenotypes, depending
upon mutation severity and modulation by other genetic and/or
environmental factors.

A much larger WES study was performed in 238 families
from a comprehensively phenotyped ASD cohort, comprising
pedigrees with two unaffected parents and an affected proband
(and in 200 ASD families, with an unaffected sibling).55 This
study found that highly deleterious (nonsense and splice site) de
novo mutations in brain expressed genes were associated with
ASD, but the total number of non-synonymous de novo SNVs
was significantly higher in ASD probands than in the unaffected
siblings. In addition, the odds ratio of de novo non-synonymous
to silent mutations in probands versus unaffected siblings
was 1.93. When the analysis was confined to de novo nonsense
and splice site mutations in brain expressed genes, this substan-
tially increased the estimate of the effect size and demonstrated
a significant difference in cases versus controls based either on
an analysis of mutational burden or an evaluation of the odds
ratio of nonsense and splice site mutations to silent SNVs
(OR=5.65).55 These results demonstrated that non-synonymous
de novo mutations, and particularly highly deleterious nonsense
and splice site de novo mutations in brain expressed genes, are
associated with ASD.

Several new insights have been obtained from the recent WES
studies of de novo mutations in ASD.54–56 First, the number of
de novo SNVs correlates positively with increasing paternal age;
this is consistent with the postulate that the increased risk for
children of older fathers to develop ASD is the result of an
increased mutation rate with paternal age,56 an observation also
made by Sanders et al.55 Further, new biologically plausible
disease genes, such as NTNG1, were also identified on the basis
that NTNG1 harboured recurrent, protein disruptive mutations.
NTNG1 is a strong biological candidate given its role in the
laminar organisation of dendrites and axonal guidance; both de
novo SNVs identified were missense located at highly conserved
positions and predicted to disrupt protein function.56 Another
gene of interest was SCN2A since two probands carrying de
novo nonsense SNVs in SCN2Awere identified; gain-of-function
mutations in SCN2A were already known to be associated with
a range of epilepsy phenotypes.56 62–64 The presence of two or
more de novo nonsense and/or splice site mutations in the same
gene in unrelated affected individuals is unlikely to have
occurred by chance alone, and hence provides strong evidence
to implicate SCN2A as a disease gene in ASD. In addition,
KATNAL2 and CHD8 were each found to carry two highly dele-
terious mutations in different individuals (by combining data
with another study), again strongly implicating this gene in the
aetiology of ASD.55

Taken together, these studies identified a variety of de novo
SNVs that are predicted to disrupt gene function in ASD,
thereby strengthening the hypothesis that the occurrence of de
novo SNVs underlies at least a proportion of ASD. The de novo
nature of the underlying lesions may account for the high preva-
lence of this disease which is clearly associated with a notable
reduction in reproduction fitness. Further, these studies high-
lighted the extreme locus heterogeneity of ASD. This might
explain why de novo mutations that are individually very rare

could play a role in the causation of common diseases, because
many different genes may harbour such mutations in different
individuals. In support of this view, for example, it has been
estimated that mutations in more than 1000 different genes may
cause intellectual disability65; this large number of disease
‘targets’ could account for the prevalence of intellectual disabil-
ity in the general population, as demonstrated by the findings of
de Ligt et al66 who implicated a total of 79 de novo mutations
in 77 genes in causing intellectual disability (discussed below).

Comparable progress in identifying de novo SNVs has also
been achieved in individuals with hitherto unexplained causes
of intellectual disability. The first report of its kind employed
the WES approach to identify de novo SNVs in children with a
normal karyotype in whom array based genome profiling had
excluded a potential contribution from de novo CNVs.50 Thus,
WES was performed on 10 children with unexplained intellec-
tual disability and their parents, leading to the identification of a
total of nine de novo SNVs. These mutations occurred in differ-
ent genes (including RAB39B and SYNGAP1), some of which
had previously been implicated in causing intellectual disabil-
ity,67 68 thereby lending further support to the results obtained
by exome sequencing. Six of these nine de novo SNVs were pre-
dicted to be pathogenic on the basis of gene function, evolution-
ary conservation, and likely mutational impact.50

A recent WES study, performed on a larger cohort of 100
people with intellectual disability and their unaffected parents,
identified 79 de novo SNVs in 53 patients.66 Of these, 10 de
novo SNVs identified in 10 patients were predicted to com-
promise the structure or function of known intellectual disabil-
ity genes. Potentially causative de novo SNVs in novel candidate
genes were also detected in 22 patients. Taken together, this
study identified the underlying genetic cause in 10 patients with
de novo mutations in known intellectual disability genes and in
three male patients with severely disruptive, maternally inher-
ited mutations in known X linked intellectual disability genes,
giving a diagnostic yield of 13%. This study once again con-
veyed the message that de novo SNVs represent an important
cause of intellectual disability.66 Given the extensive locus het-
erogeneity of intellectual disability (ie, it is caused by mutations
in a very large number of different genes), WES represents a
promising diagnostic tool to detect the underlying mutations.
The diagnostic yield of 13% in patients with intellectual disabil-
ity using WES is most encouraging. It should be appreciated
that this is a conservative estimate because a further 24 new can-
didate genes affected by de novo mutations could also be poten-
tially pathogenic, but their actual clinical significance would
require further investigation in additional patient cohorts to be
confirmed. Indeed, a pathogenic role for three of these genes
(DYNC1H1, GATAD2B, and CTNNB1) was supported by the
identification of additional patients with intellectual disability
and severely disruptive mutations in these genes.66

Since CNVs constitute a significant cause of intellectual dis-
ability, improvements in the detection of genomic deletions and
duplications from WES data should further increase the diag-
nostic yield (while eliminating the need for concomitant micro-
array screening), as different types of mutations would then be
detectable in a single experiment.69–71 Although promising,
various challenges remain in relation to the implementation of
NGS methods as diagnostic tools in the clinical setting (eg, with
reference to the development of a standardised pipeline and
protocol from the experiment to interpretation of results), data
analysis, interpretation of the results (eg, variants of uncertain
significance), communication of the results to patients and their
families, and other ethical concerns such as the disclosure of

Ku C-S, et al. J Med Genet 2013;50:203–211. doi:10.1136/jmedgenet-2013-101519 205

Review

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2013-101519 on 9 F
ebruary 2013. D

ow
nloaded from

 

http://jmg.bmj.com/


incidental findings. Challenges are also to be faced in the appli-
cation of NGS methods to the genetic diagnosis of rare
Mendelian diseases as discussed below.72–74

RARE MENDELIAN DISORDERS
Over the last 2 years, WES has been widely applied to the identifi-
cation of new inherited causal mutations for a range of dominant
and recessive Mendelian disorders.48 75–78 However, our focus
here has been placed firmly on the utility of WES in the context
of identifying de novo SNVs for rare Mendelian disorders.
Heterozygous de novo mutations are believed to be a common
cause of sporadic instances of rare diseases characterised by mul-
tiple congenital malformations or anomalies, developmental delay
and intellectual disability such as Schinzel–Giedion syndrome
(MIM 269150),12 Bohring–Opitz syndrome (MIM 605039),13

and Coffin–Siris syndrome (MIM 135900),22 23 just to name a few,
whose genetic bases had previously remained elusive.

Among recent WES studies, of particular interest is Coffin–
Siris syndrome, characterised by various anomalies such as
developmental delay and severe speech impairment. It is a rare
congenital anomaly syndrome in which the majority of affected
individuals are sporadic cases, strongly implying a dominant
genetic basis for the disorder with underlying de novo muta-
tions. This has now been confirmed to be the case by molecular
analysis. WES, performed on five affected individuals with
Coffin–Siris syndrome, identified 51 plausible variants under the
hypothesis that an abnormality in a causal gene would be shared
by at least two individuals.23 These variants were then validated
by targeted Sanger sequencing of genomic DNA from the five
affected individuals and their parents. This led to the identifica-
tion of two de novo heterozygous SNVs in SMARCB1 in two
(unrelated) affected individuals. Since the a priori probability
that two different coding sequence mutations in unrelated indi-
viduals would be found to occur de novo within the same gene
is extremely low, this provided strong support for the disease
gene candidacy of SMARCB1 in Coffin–Siris syndrome. Further,
in another study that performed WES on Coffin–Siris syndrome
patients (including one case–parents trio and two sporadic
cases), a second disease gene was identified22; this time, three de
novo mutations were found to truncate the ARID1B reading
frame (one frameshift and two nonsense mutations). It would
be interesting to reanalyse the data from Tsurusaki et al23 to
confirm if de novo mutations in this gene were missed in the
remaining three patients (who did not harbour de novo muta-
tions in SMARCB1) in their earlier analysis, or if a third gene
for these three patients should be suspected. Intriguingly, both
SMARCB1 and ARID1B encode components of the SWI/SNF
(SWItch/Sucrose NonFermentable) chromatin remodelling
complex, which acts as an epigenetic modifier modulating the
accessibility of transcription factors to DNA by altering chroma-
tin structure. This was the first evidence to show that germline
de novo mutations in SWI/SNF complex genes are associated
with a multiple congenital anomaly syndrome. WES has clearly
already proved itself to be a powerful discovery tool.

Among other new discoveries has been the detection of de
novo microlesions in the KAT6B gene in genitopatellar syn-
drome (MIM 606170).16 17 Genitopatellar syndrome is a rare
disorder in which patellar aplasia or hypoplasia is associated
with external genital anomalies and severe intellectual disability.
In line with the assumption that the underlying causal mutations
would act in a dominant manner and would have arisen de
novo, KAT6B was identified as the only candidate gene harbour-
ing previously unidentified (not previously reported in a public
database) heterozygous variants in five of the six individuals

whose exomes were sequenced. The mutations included a single
nonsense variant and three frameshift indels, one of which (a
4 bp microdeletion) was observed in two unrelated cases. The
de novo status was subsequently discovered by Sanger sequen-
cing the parents who had not been subjected to WES, as none
of the mutations was present in genomic DNA from the
unaffected parents.16 De novo heterozygous truncating muta-
tions in the KAT6B gene were independently identified in three
subjects with genitopatellar syndrome by another study (also
through WES), and subsequent Sanger sequencing detected
similar KAT6B gene mutations in three additional subjects.17

The consistency of these findings provided strong support for
the causative role of deleterious de novo mutations of KAT6B as
a cause of genitopatellar syndrome. Intriguingly, de novo
protein truncating mutations in KAT6B were also implicated in
another rare disorder, Say–Barber–Biesecker–Young–Simpson
syndrome (SBBYSS or Ohdo syndrome) (MIM 603736).14 This
is a multiple anomaly syndrome which is also characterised by
severe intellectual disability in addition to blepharophimosis and
a mask-like facial appearance. KAT6B is a gene encoding a
highly conserved histone acetyltransferase involved in chromatin
modification. This finding, together with the identification of
the genes for Coffin–Siris syndrome,22 23 has provided evidence
for a key role for chromatin modifying genes and epigenetic
abnormalities in human developmental and congenital disorders
characterised by different developmental anomalies. The find-
ings so far reported are likely to be merely the tip of the
iceberg, since many more mutations affecting genes involved in
chromatin remodelling or modification are expected to be iden-
tified in other rare congenital disorders.

In addition to the application of WES to unrelated cases
(with subsequent further validation of the putative disease var-
iants in parental DNA to confirm their de novo status), other
studies have applied WES directly to trios. Thus, Lin et al24

applied WES to an individual with Olmsted syndrome (MIM
607066) and her parents; to detect de novo mutations, hetero-
zygous variants from her parents were filtered out. In total, 45
putative de novo variants were found in the affected individual
which were predicted to be damaging by SIFT (Sorting
Intolerant From Tolerant). It is very likely that among these
putative de novo variants, there are quite a few false positives as
the number appears too large by comparison with other studies
in apparently normal healthy individuals.2 The false positives
could be due to variants which were detected in offspring but
overlooked in parents. Indeed, further validation of these candi-
date variants by Sanger sequencing yielded a solitary de novo
heterozygous point mutation in TRPV3. Support for the causa-
tive role of this mutation was then garnered by the discovery of
additional heterozygous missense mutations in TRPV3 in five
additional individuals; all five mutations were found to have
occurred de novo. Further, these mutations were absent in 216
ethnically matched normal controls.24 This is debatable, as for
de novo mutations, there are chances that they will be absent in
normal controls; therefore this does not constitute additional
independent proof.

The major advantage of applying WES to parent–case trios is
that it narrows down the list of potential candidate disease genes
very significantly because of the limited number of de novo events
to be expected in protein coding sequences. This is of course espe-
cially useful in the case of disorders in which de novo mutations
are strongly suspected from the outset, for example, Baraitser–
Winter syndrome (MIM 243310), a rare but well defined develop-
mental disorder.25 No familial recurrence or consanguinity has
ever been observed in families affected with this syndrome, and
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hence the genetic basis in the known cases of Baraitser–Winter syn-
drome was always likely to be due to the occurrence of de novo
microlesions (particularly as no obviously pathogenic CNVs had
been detected using microarrays). Thus, WES was applied in the
case of three probands and their unaffected parents. This allowed
the direct investigation of de novo mutation and resulted in the
identification of de novo missense changes in the ACTG1 gene in
two probands and in the ACTB gene in the third proband.25

However, the potential drawback of this study design is the add-
itional cost of WES incurred by sequencing the parents as well as
the child, in contrast to testing a limited panel of candidate disease
mutations or genes in the corresponding parents in order to deter-
mine their de novo status.

Although these different approaches come with their own par-
ticular advantages and disadvantages, both have been successful
in identifying genes harbouring de novo mutations causing rare
disorders. WES would be sufficient to identify the mutations or
genes underlying most rare Mendelian disorders as long as the
causative mutations reside within the coding regions. In contrast
to WGS, WES is more cost effective and analytically less challen-
ging. However, some studies have also applied the WGS
approach, for example, to a family quartette of a subject affected
by a sporadic case of severe epileptic encephalopathy and her
unaffected parents and sibling.79 WGS revealed a de novo mis-
sense mutation in SCN8A. The advantage of WGS is that it does
not (like WES) exclude the possibility that the sought after patho-
logical mutations might occur in functional regulatory or splicing
elements, some of which might be remote from the genes whose
expression they help to regulate.80 The disadvantage of WGS is
that there are potentially many more de novo mutations that
need to be assessed before pathogenicity can be reliably attribu-
ted. For example, from variants detected in the quartette, 34 vio-
lated the Mendelian inheritance rules, suggesting the occurrence
of multiple de novo mutations within the proband. However, 10
of these variants were removed because they were found during
the course of the 1000 Genomes Project, and excluded by other
criteria such as in error-prone regions and known segmental
duplications. Finally, Sanger sequencing demonstrated that 23 of
the remaining 24 candidates were false positives, leaving a single,
true de novo variant in the proband.

Although numerous de novo mutations have now been identi-
fied as being responsible for rare Mendelian disorders (see
online supplementary table S1), it remains unclear what consti-
tutes evidence for causality. It is difficult and challenging to
establish the causative role of newly identified mutations even
when these events have occurred de novo.81 82 Cosegregation of
the putative causal mutation with the disease phenotype in large
multigenerational pedigrees can provide strong genetic evidence
of causality, but this is obviously not feasible with de novo
mutations that severely impair reproductive fitness and are
therefore not transmitted down the generations. Therefore, for
any newly identified putative pathological lesion which appears
to have occurred de novo, further screening of additional cases
is invariably required. Detection of recurrent deleterious muta-
tion or different mutations in the same gene in additional cases
constitutes strong evidence of causality.83 However, it can be
difficult, in the context of extremely rare disorders, to find add-
itional cases to validate the newly identified de novo mutation.
Further, this search might be unsuccessful in disorders charac-
terised by extensive locus heterogeneity. Moreover, de novo
mutations tend to be individually extremely rare. Although
sometimes very challenging, further validation in additional
patient samples has nevertheless been achieved in recent WES
studies of rare disorders. Thus, after the discovery of de novo

mutations in the ACTG1 and ACTB genes by WES of three
parent–case trios with Baraitser–Winter syndrome, Sanger
sequencing was employed to screen the coding sequences of
both genes in 15 additional affected individuals, with the result
that pathogenic mutations in one or other of these genes were
detected in all subjects under study.25 These mutations were
then shown to have occurred de novo in all 11 subjects for
whom parental DNAwas available. Moreover, further validation
in normal controls demonstrated that none of the mutations
identified in Baraitser–Winter syndrome was present in several
large control datasets.25

This approach was also successfully employed by Rosewich
et al33 who aimed to identify the genetic cause of alternating
hemiplegia of childhood type 2 (AHC2; MIM 614820). A total
of 24 patients with a clinical diagnosis of AHC2, together with
their healthy parents, were recruited for this study. Even though
WES was initially performed in only three proband–parent
trios, the analysis identified ATP1A3 as the disease causing gene
for AHC2 on the basis that it harboured three quite distinct het-
erozygous de novo missense mutations in the different patients.
However, to further strengthen the evidence to support the con-
tention that de novo mutations in ATP1A3 were causative, this
gene was sequenced in the remaining 21 AHC2 patients and
their healthy parents; in line with expectation, mutations in the
ATP1A3 gene were identified in all patients and all the heterozy-
gous mutations were shown to have occurred de novo.33 Finally,
confirmation of ATP1A3 as the causal gene for AHC2 was pro-
vided by another WES based study. This study also applied WES
on seven patients with AHC2 and their unaffected parents,
which identified de novo non-synonymous mutations in ATP1A3
in all patients.32 This suggested that ATP1A3 might be the only
disease gene for this disorder. However, subsequent analysis of
ATP1A3 in an additional 98 patients with AHC2 found that
ATP1A3 mutations were likely to be responsible for at least 74%
of the cases. Most AHC2 cases appear to be caused by one of
seven recurrent ATP1A3 mutations found by Heinzen et al.32

The identification of ATP1A3 as the disease gene for AHC2 is
critical because AHC2 is currently diagnosed only on the basis
of clinical criteria, and the variable phenotypic manifestations of
this condition could easily give rise to diagnostic confusion.
Delineation of the underlying molecular basis of AHC2 should
allow the development of a genetic test to identify unequivo-
cally children with the disease at the same time as ascertaining
its clinical/phenotypic spectrum.

In addition to genetic evidence as described above, molecular
functional studies can be performed to confirm the functional
significance of newly identified de novo mutations. Evidence
from such studies can be considered confirmatory only when
the mutated gene can be shown to have a clear and well defined
role in the molecular pathology of the disease. For example,
ATP1A3, identified as the underlying disease gene in AHC2, is
an α subunit of the Na+/K+ ATPase pump that is partly respon-
sible for establishing and maintaining electrochemical gradients
of sodium and potassium ions across the plasma membrane of
neurons.32 To better understand how ATP1A3 mutations cause
two clinically distinct disorders, as mutations in ATP1A3 have
also been shown to cause rapid onset dystonia–parkinsonism,84

Heinzen et al32 investigated the in vitro functional consequences
of the ATP1A3 mutations underlying AHC2 and rapid onset
dystonia–parkinsonism, respectively. It was found that unlike the
ATP1A3 mutations associated with rapid onset dystonia–parkin-
sonism, the AHC2-causing mutations in this gene caused con-
sistent reductions in ATPase activity without affecting the level
of protein expression.
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Nonsense and splice site mutations are very likely to be dele-
terious. However, most of the de novo SNVs identified to date
are missense and it is often difficult to establish an unequivocal
causative link between a specific missense mutation and a
disease phenotype.85 Amino acid substitutions in evolutionarily
conserved residues can provide evidence for pathogenicity.86

If the function of the protein is known, assessment of the bio-
logical effect of the missense mutation can be performed by in
vitro mutagenesis and functional assay.87–92 Without in depth
analytical studies, however, missense mutations may often be
difficult to distinguish from polymorphisms with little or no
clinical significance, either in the context of candidate gene
sequencing studies93 or in the context of WES studies.94

Evidence for pathological authenticity usually comes from one
or more different lines of evidence,93 95 including: (1) inde-
pendent occurrence in additional patients; (2) absence in
normal controls (only applicable to inherited variants as it does
not constitute an additional proof for de novo mutations);
(3) cosegregation of the lesion and disease phenotype through
the family pedigree (not applicable in the case of de novo muta-
tions); (4) non-conservative substitutions being more likely to
disrupt protein function; (5) location in a protein region of
structural or functional importance; (6) location in an evolution-
arily conserved nucleotide sequence and/or amino acid residue;
and albeit rarely (7) reversal of the pathological phenotype in
patient/cultured cells by gene replacement. These lines of evi-
dence should not of course be given equal weight; in most
cases, the independent occurrence of de novo mutations in add-
itional patients provides by far the most compelling support for
pathogenicity.

De novo mutations located outside coding regions, for
example, in promoter, intronic, intergenic regions or untrans-
lated regions, can also be of pathological significance. However,
in the context of a whole genome screen, most such pathogenic
mutations could only be identified using WGS rather than WES.
This notwithstanding, the ability of WES to identify de novo
mutations residing within flanking non-coding regions was
exemplified by the identification of a heterozygous de novo
mutation in the 50-untranslated region of IFITM5 (it was located
14 bp upstream of the annotated translation initiation codon)
underlying osteogenesis imperfecta type V (MIM 610967).29

Subsequently, the study identified an identical heterozygous de
novo mutation in an additional patient with osteogenesis imper-
fecta type V by Sanger sequencing, thereby strongly suggesting
that this was the causal mutation for the disease. This finding
concurred with another study, which also found the same het-
erozygous mutation in the 50-untranslated region of IFITM5.
This mutation occurred de novo in five unrelated cases, and
cosegregated completely with the disease in three families—pro-
viding yet another line of evidence to support the pathological
significance of this mutation (irrespective of whether it was
acquired de novo or was inherited from the parents) in osteo-
genesis imperfecta type V.30

The identification of the causal genes for rare Mendelian dis-
orders is important for the development of future molecular
diagnostic tests to confirm the clinical diagnosis, especially for
those disorders characterised by diverse clinical manifestations
lacking specific phenotypes/phenotypic characteristics, or for
those disorders which share common clinical features, and
where ambiguity in diagnosis is common. For example, Weaver
syndrome (MIM 277590) is a rare congenital anomaly syn-
drome characterised by generalised overgrowth, advanced bone
age, pronounced macrocephaly, hypertelorism, and characteris-
tic facial features. In addition, intellectual disability is common.

Some patients with Weaver syndrome harbour mutations in
NSD1, the gene that is mutated (or deleted) in most patients
with classic Sotos syndrome (MIM 117550).96 97 This molecu-
lar finding has led to uncertainty as to whether the Sotos and
Weaver syndromes represent variable expressivity of a single
locus with allelic heterogeneity or whether they represent dis-
tinct disorders caused by mutations in different genes. To com-
pound the problem, these disorders have some shared and some
distinguishing clinical features.96 97 The application of WES to
two trios affected by Weaver syndrome successfully identified
two different de novo mutations in the EZH2 gene.19 Sanger
sequencing of EZH2 in a third classically affected proband iden-
tified a third de novo mutation in this gene. In addition, the
study ruled out rare variants in NSD1 by means of Sanger
sequencing in all three probands.19 The identification of this
new disease gene has extended our definition of the genetic
basis of Weaver syndrome. It may well be that other genes still
remain to be identified, since Weaver syndrome is genetically
and clinically quite a heterogeneous condition.

SUMMARY
In the context of the entirety of the human genome, de novo
point mutations remained largely refractory to analysis until the
arrival of NGS and its twin fruits, WES and WGS. Microarray
technologies have been used widely and successfully to identify
de novo CNVs in a number of common neurodevelopmental
conditions such as schizophrenia and ASD. By contrast, since
SNVs and other microlesions occurring de novo were not amen-
able to analysis by these microarray based methods, little was
known about either their frequency or their impact upon neuro-
developmental disease until the advent of WES. However, by
means of WES of case–parent trios, de novo SNVs have recently
been implicated in schizophrenia, ASD, and intellectual disabil-
ity. Taken together, these findings strengthen the hypothesis that
the occurrence of de novo mutations could account for the high
prevalence of those diseases which are associated with a notable
reduction in reproductive fitness.

Many rare Mendelian disorders that are associated with mul-
tiple congenital malformations or anomalies, developmental
delay, and intellectual disability occur sporadically because the
severity and/or early onset of the disorders tend to preclude the
transmission of the casual mutations to subsequent generations.
As a result, these causal mutations are under strong negative
selection that ensures they are quickly eliminated from the
population. Since de novo mutations are by definition refractory
to traditional linkage analysis, many genes causing sporadic
cases of rare diseases still remain to be identified. Although the
importance of de novo mutations in rare disorders without
family transmission is well recognised, the genome wide screen-
ing methodology to identify novel disease de novo mutations
within the coding regions was not widely available until 3 years
ago. Recent studies have demonstrated the effectiveness of WES
in the elucidation of the de novo genetic basis of an ever
increasing number of rare Mendelian diseases. We are only at
the beginning of the process of elucidation of the molecular
basis of a large number of individually rare diseases whose
genetic aetiologies have previously been elusive. It is really just a
matter of time until WES is applied to all those rare diseases
which were not previously amenable to study by pre-genomic
era analytical methods. In addition to improving our knowledge
of the pathogenesis of human genetic disease and the biological
roles of the newly identified genes and the proteins they encode,
the identification of disease-causing genes (whether the muta-
tion has been parentally transmitted or has instead occurred de
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novo) will form the basis of future molecular diagnostic tests for
these conditions. While technological advances have driven
studies of de novo mutations, the collection of DNA samples
from parent–offspring trios affected by various diseases is an
important prerequisite to further enhance the rate of discovery
of novel disease genes characterised by de novo mutations.

Confirming the pathological authenticity of missense muta-
tions occurring de novo which have been identified in unique
individuals/families is extremely challenging. This is because, in
such cases, there is often little or no possibility of confirming
the involvement of the candidate mutation or gene in the
disease through analysis of a second individual or family. In add-
ition to the in silico (bioinformatics) prediction of a protein
damaging effect or the assessment of the evolutionary conserva-
tion of the amino acid residues affected by these ‘unique’ de
novo missense mutations, the identification of these or similar
mutations in other closely related conditions could be held to be
suggestive of their pathogenicity. A further line of evidence
might be the biological plausibility of the gene harbouring these
mutations. However, the biological functions of the candidate
gene(s) might not be fully known, and the biology underlying
the disease might not be well characterised. Individualised func-
tional studies of the ‘unique’ de novo missense mutations will
provide additional evidence for their pathogenicity, and this
functional characterisation will be greatly facilitated if the gene
encodes a protein that plays a role in a pathophysiological
pathway known to be involved in the disease. Currently, there
are no well established criteria with which to distinguish de
novo pathological lesions from other missense mutations that
may have occurred de novo in a particular individual. It is even
more challenging to show that a de novo missense mutation has
no pathological significance in unique cases, as such mutations
cannot be screened for in a general population of apparently
healthy individuals to confirm their non-involvement in
pathology.
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Table 1 - Summary of whole-exome sequencing studies identifying de novo mutations underlying rare 

Mendelian disorders 

Study Disorder Characteristics Major findings 

Ng et al. 

(2010) [11] 

Kabuki syndrome 

[MIM# 147920] 

A rare, multiple 

malformation disorder 

characterized by a distinctive 

facial appearance, cardiac 

anomalies, skeletal 

abnormalities, 

immunological defects and 

mild to moderate mental 

retardation. 

Seven probands had newly 

identified nonsense or frameshift 

mutations in MLL2 gene. Follow-up 

Sanger sequencing detected MLL2 

mutations in two of the three 

remaining individuals with Kabuki 

syndrome and in 26 of 43 additional 

cases. In families where parental 

DNA was available, the mutation 

was confirmed to be de novo (n = 

12) or transmitted (n = 2) in 

concordance with the phenotype.  

Hoischen et 

al. (2010) 

[12] 

Schinzel-Giedion 

syndrome 

[MIM# 269150] 

Characterized by severe 

mental retardation, 

distinctive facial features, 

multiple congenital 

malformations (including 

skeletal abnormalities, 

genitourinary and renal 

malformations, and cardiac 

defects) and a higher-than-

normal prevalence of 

tumours, notably 

neuroepithelial neoplasia. 

Heterozygous de novo variants 

identified in SETBP1 gene in four 

affected individuals. The study also 

identified SETBP1 mutations in eight 

additional cases using Sanger 

sequencing. For six of the eight 

follow-up cases, parental DNA was 

available, and the mutations present 

in the affected individuals were 

again shown to have occurred de 

novo.  

Hoischen et 

al. (2011) 

[13] 

Bohring-Opitz 

syndrome 

[MIM# 605039] 

Characterized by severe 

intellectual disability, 

prominent metopic suture, 

exophthalmus, forehead 

nevus flammeus, upslanting 

palpebral fissures, ulnar 

deviation and flexion of the 

wrists and 

metacarpophalangeal joints, 

and severe feeding problems. 

Heterozygous de novo nonsense 

mutations identified in the ASXL1 

gene in three individuals with 

Bohring-Opitz syndrome. Analysis of 

additional samples found that in 

total, 7 out of 13 subjects with a 

Bohring-Opitz phenotype harboured 

de novo ASXL1 mutations.  

Clayton-

Smith et al. 

(2011) [14] 

Say-Barber-

Biesecker-Young-

Simpson syndrome 

(SBBYSS or Ohdo 

syndrome) 

[MIM#  603736] 

A multiple anomaly 

syndrome characterized by 

severe intellectual disability, 

blepharophimosis, and a 

mask-like facial appearance. 

A number of individuals with 

SBBYSS also have thyroid 

abnormalities and cleft 

Identified de novo protein-

truncating mutations in the highly 

conserved histone acetyltransferase 

gene, KAT6B, in three out of four 

individuals. Sanger sequencing was 

used to confirm truncating 

mutations of KAT6B, clustering in 

the final exon of the gene in all four 



palate. individuals and in a further nine 

persons with typical SBBYSS. Where 

parental samples were available, the 

mutations were shown to have 

occurred de novo. 

Bochukova 

et al. (2012) 

[15] 

Hypothyroidism 

[MIM#  614450] 

A child with classic features 

of hypothyroidism (growth 

retardation, developmental 

retardation, skeletal 

dysplasia, and severe 

constipation) but only 

borderline-abnormal thyroid 

hormone levels. 

De novo heterozygous nonsense 

mutation identified in the THRA 

gene generating a mutant protein 

that inhibits wild-type receptor 

action in a dominant negative 

manner. 

Simpson et 

al. (2012) 

[16] 

Genitopatellar 

syndrome (GPS) 

[MIM#  606170] 

A rare disorder in which 

patellar aplasia or 

hypoplasia is associated with 

external genital anomalies 

and severe intellectual 

disability. 

De novo mutations of the KAT6B 

gene identified in five individuals 

with GPS; a single nonsense variant 

and three frameshift indels, 

including a 4bp deletion observed in 

two cases.  

Campeau et 

al. (2012) 

[17] 

Genitopatellar 

syndrome (GPS) 

[MIM# 606170] 

A rare skeletal dysplasia 

combining hypoplastic or 

absent patellae, genital 

anomalies, craniofacial 

defects, and intellectual 

disability among other 

features. 

De novo heterozygous truncating 

mutations identified in the KAT6B 

gene in three subjects; Sanger 

sequencing of KAT6B was used to 

identify similar mutations in three 

additional subjects. 

Sirmaci et al. 

(2011) [18] 

KBG syndrome 

[MIM# 148050] 

Characterized by intellectual 

disability associated with 

macrodontia of the upper 

central incisors as well as 

distinct craniofacial findings, 

short stature, and skeletal 

anomalies. 

Deleterious heterozygous mutations 

identified in the ANKRD11 gene. A 

splice-site mutation, c.7570-1G>C, 

cosegregated with the disease in a 

family with three affected members, 

whereas in a simplex case a de novo 

truncating mutation, c.2305delT, 

was detected.  Sanger sequencing 

revealed additional de novo 

truncating ANKRD11 mutations in 

three other simplex cases. 

Gibson et al. 

(2012) [19] 

Weaver syndrome 

[MIM#  614421] 

A rare congenital anomaly 

syndrome comprising 

generalized overgrowth, 

advanced bone age, marked 

macrocephaly, 

hypertelorism, and 

characteristic facial features. 

Intellectual disability is 

Two different de novo mutations 

identified in the EZH2 gene. Sanger 

sequencing of EZH2 in a third 

classically affected proband 

identified a third de novo mutation 

in this gene. 



common. 

Hood et al. 

(2012) [20] 

Floating-Harbor 

syndrome (FHS) 

[MIM# 136140] 

A rare condition 

characterized by short 

stature, delayed osseous 

maturation, expressive-

language deficits, and a 

distinctive facial appearance. 

Heterozygous truncating mutations 

identified in the SRCAP gene in five 

unrelated individuals with sporadic 

FHS. Sanger sequencing identified 

mutations in SRCAP in eight 

additional affected persons. 

Mutations were found to have 

occurred de novo in all six instances 

in which parental DNA was 

available. 

Rademakers 

et al. (2012) 

[21] 

Hereditary diffuse 

leukoencephalopathy 

with spheroids 

(HDLS) 

[MIM#  221820] 

An autosomal dominant 

central nervous system 

white-matter disease with 

variable clinical 

presentations, including 

personality and behavioural 

changes, dementia, 

depression, parkinsonism, 

seizures and other 

phenotypes.  

14 different mutations affecting the 

tyrosine kinase domain of the CSF1R 

gene identified in 14 families with 

HDLS. In one kindred, the study 

confirmed the de novo occurrence of 

the mutation. 

Santen et al. 

(2012) [22] 

Coffin-Siris 

syndrome 

[MIM#  135900] 

Characterized by 

developmental delay, severe 

speech impairment, coarse 

facial features, 

hypertrichosis, hypoplastic 

or absent fifth fingernails or 

toenails and agenesis of the 

corpus callosum. 

De novo truncating mutations 

identified in the ARID1B gene in 

three individuals with Coffin-Siris 

syndrome. All variants served to 

truncate the ARID1B reading frame 

(two nonsense variants and one 

frameshift). The mutations were 

validated using Sanger sequencing 

and shown to occur de novo in all 

three individuals. 

Tsurusaki et 

al. (2012) 

[23] 

Coffin-Siris 

syndrome 

[MIM#  135900] 

A rare congenital anomaly 

syndrome characterized by 

growth deficiency, 

intellectual disability, 

microcephaly, coarse facial 

features and hypoplastic nail 

of the fifth finger and/or toe. 

De novo SMARCB1 gene mutations 

identified in two of five individuals 

with typical Coffin-Siris syndrome. 

Two de novo coding sequence 

mutations occurring within a 

specific gene is a priori an extremely 

unlikely event, supporting the idea 

that SMARCB1 is the causative gene 

in Coffin-Siris syndrome. 

Lin et al. 

(2012) [24] 

Olmsted syndrome 

[MIM#  607066] 

A rare congenital disorder 

characterized by bilateral 

mutilating palmoplantar 

keratoderma (PPK) and 

periorificial keratotic 

De novo missense mutation 

identified in the TRPV3 gene 

yielding a p.Gly573Ser substitution 

in an individual with Olmsted 

syndrome. Nucleotide sequencing of 



plaques with severe itching 

at all lesions. 

five additional affected individuals 

also revealed missense mutations in 

TRPV3 (p.Gly573Ser in three cases 

plus p.Gly573Cys and p.Trp692Gly). 

Rivière et al. 

(2012) [25] 

Baraitser-Winter 

syndrome 

[MIM #243310] 

 

A rare but well-defined 

developmental disorder 

recognized by the 

combination of congenital 

ptosis, high-arched 

eyebrows, hypertelorism, 

ocular colobomata and a 

brain malformation 

consisting of anterior 

predominant lissencephaly. 

Other typical features 

include postnatal short 

stature and microcephaly, 

intellectual disability, 

seizures and hearing loss. 

De novo missense changes identified 

in the cytoplasmic actin–encoding 

genes ACTB and ACTG1 in one and 

two probands, respectively. 

Sequencing of both genes in 15 

additional affected individuals 

identified disease-causing mutations 

in all probands, including two 

recurrent de novo alterations. 

Winkelmann 

et al. (2012) 

[26] 

Autosomal dominant 

cerebellar ataxia, 

deafness and 

narcolepsy (ADCA-

DN) 

[MIM# 604121] 

Characterized by late onset 

(age 30–40 years) 

narcolepsy–cataplexy, 

sensory neuronal deafness, 

cerebellar ataxia, dementia 

and, more variably, 

psychosis, optic atrophy and 

other symptoms. 

DNMT1 identified as the only gene 

with mutations found in all five 

affected individuals. Sanger 

sequencing confirmed a de novo 

mutation p.Ala570Val in one family, 

and showed co-segregation of 

p.Val606Phe and p.Ala570Val with 

the ADCA-DN phenotype in two 

other kindreds.  

Lines et al. 

(2012) [27] 

Mandibulofacial 

dysostosis with 

microcephaly 

(MFDM) 

[MIM# 610536] 

A rare sporadic syndrome 

comprising craniofacial 

malformations, 

microcephaly, 

developmental delay, and a 

recognizable dysmorphic 

appearance. Major sequelae, 

including choanal atresia, 

sensorineural hearing loss, 

and cleft palate, each occur 

in a significant proportion of 

affected individuals. 

Heterozygous mutations or 

deletions of the EFTUD2 gene 

identified in all four unrelated 

affected individuals. Validation 

studies of eight additional 

individuals with MFDM 

demonstrated causative EFTUD2 

mutations in all affected individuals 

tested. A range of EFTUD2 mutation 

types, including null alleles and 

frameshifts, is seen in MFDM, 

consistent with haploinsufficiency; 

segregation is de novo in all cases 

assessed to date.  

Caputo et al. 

(2012) [28] 

Myhre syndrome 

[MIM# 139210] 

A developmental disorder 

characterized by reduced 

growth, generalized 

Heterozygous mutations were 

identified in the SMAD4 gene, which 

encodes for a transducer mediating 



muscular hypertrophy, facial 

dysmorphism, deafness, 

cognitive deficits, joint 

stiffness, and skeletal 

anomalies. 

transforming growth factor β and 

bone morphogenetic protein 

signaling branches. Two recurrent 

de novo SMAD4 mutations were 

identified in eight unrelated 

subjects. 

Semler et al.  

(2012) [29] 

Osteogenesis 

imperfecta type V 

[MIM# 610967] 

A clinically and genetically 

heterogeneous disorder 

associated with bone 

fragility and susceptibility to 

fractures after minimal 

trauma. Some individuals 

with osteogenesis imperfecta 

also have hearing loss, 

dentinogenesis imperfecta, 

hypermobility of joints, 

and/or blue sclera. 

An heterozygous de novo mutation 

was found in the 5’-untranslated 

region of IFITM5, 14 bp upstream of 

the annotated translation initiation 

codon (c.  -14C>T). An identical 

heterozygous de novo mutation was 

identified in a second individual 

with osteogenesis imperfecta type V 

by Sanger sequencing 

Cho et al. 

(2012) [30] 

Osteogenesis 

imperfecta type V 

[MIM# 610967] 

A heterogeneous group of 

disorders characterized by 

intrinsic bone fragility, 

resulting in frequent 

fractures as well as in 

deformities of the spine and 

limbs. 

An heterozygous mutation of c.-

14C>T was identified in the 5’-

untranslated region of IFITM5. It 

cosegregated with the disease in 

three families and occurred de novo 

in five simplex individuals. 

Barcia et al. 

(2012) [31] 

Malignant migrating 

partial seizures of 

infancy (MMPSI) 

Characterized by 

polymorphous focal seizures 

and arrest of psychomotor 

development in the first 6 

months of life. 

De novo gain-of-function mutations 

identified which affected the C-

terminal domain of the KCNT1 

potassium channel. Nine additional 

individuals with MMPSI were 

sequenced and KCNT1 mutations 

were identified in in 4 of them, in 

total identifying mutations in 6 out 

of 12 unrelated affected individuals. 

Heinzen et 

al. (2012) 

[32] 

Alternating 

hemiplegia of 

childhood (AHC) 

[MIM #614820] 

A rare, severe 

neurodevelopmental 

syndrome characterized by 

recurrent hemiplegic 

episodes and distinct 

neurological manifestations. 

De novo nonsynonymous mutations 

identified in the ATP1A3 gene in all 

seven individuals with AHC. 

Rosewich et 

al. (2012) 

[33] 

Alternating 

hemiplegia of 

childhood (AHC) 

[MIM #614820] 

Characterized by transient 

episodes of hemiplegia 

combined with other 

paroxysmal 

symptoms, including 

dystonia, nystagmus, 

Three heterozygous de novo 

missense mutations identified in the 

ATP1A3 gene. Sequencing of 21 

affected individuals identified 

disease-associated mutations in the 

ATP1A3 gene in all patients, 



autonomic disturbances, and 

seizures. 

including six de novo missense 

mutations and one de novo splice-

site mutation. 

Jones et al. 

(2012) [34] 

Wiedemann-Steiner 

syndrome  

[MIM# 605130] 

Individuals with 

hypertrichosis cubiti 

associated with short 

stature, intellectual 

disability, and a distinctive 

facial appearance. 

Identified de novo mutations in the 

MLL gene in five of the six 

individuals studied. 

Michot et al. 

(2012) [35] 

Acrodysostosis  

[MIM# 101800] 

A dominantly inherited 

condition consisting of (1) 

skeletal dysplasia 

characterized by facial 

dysostosis with nasal 

hypoplasia, severe 

brachydactyly with short 

broad metatarsals, 

metacarpals, and phalanges, 

cone-shaped epiphyses, 

advanced bone maturation, 

spinal stenosis, and short 

stature; (2) resistance to 

multiple hormones, 

including parathyroid 

hormone and thyrotropin; 

and (3) possible neurological 

involvement (moderate to 

mild intellectual disability). 

Detected heterozygous PDE4D 

mutations (c.673C>A and c.677T>C) 

in two individuals. Screening of 

PDE4D identified heterozygous 

mutations (c.568T>G and 

c.1759A>C) in two additional 

acrodysostosis cases. These 

mutations occurred de novo in all 

four cases. 

Lee et al. 

(2012) [36] 

Acrodysostosis  

[MIM# 101800] 

A pleiotropic disorder 

characterized by skeletal, 

endocrine, and neurological 

abnormalities. Skeletal 

features include 

brachycephaly, midface 

hypoplasia with a small 

upturned nose, 

brachydactyly, and lumbar 

spinal stenosis. Endocrine 

abnormalities have been 

reported and include 

hypothyroidism and 

hypogonadism in males and 

irregular menses in females.  

Three different missense mutations 

in the PDE4D gene were found to be 

heterozygous in three of the cases. 

Two of the mutations were shown to 

have occurred de novo. 

    

NB: We include above all recent studies which applied the whole-exome sequencing approach to identify de 

novo mutations in rare Mendelian disorders. However, the list is by no means complete. This table briefly 



summarizes those studies which applied whole-exome sequencing to identify de novo mutations in rare 

disorders together with their major findings. Readers are encouraged to refer to the full papers for more 

detailed information.  

 


