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Prioritization of neurodevelopmental disease
genes by discovery of new mutations

Alexander Hoischen!, Niklas Krumm? & Evan E Eichler?3

Advances in genome sequencing technologies have begun to revolutionize neurogenetics, allowing the full spectrum of genetic
variation to be better understood in relation to disease. Exome sequencing of hundreds to thousands of samples from patients
with autism spectrum disorder, intellectual disability, epilepsy and schizophrenia provides strong evidence of the importance of
de novo and gene-disruptive events. There are now several hundred new candidate genes and targeted resequencing technologies
that allow screening of dozens of genes in tens of thousands of individuals with high specificity and sensitivity. The decision

of which genes to pursue depends on many factors, including recurrence, previous evidence of overlap with pathogenic copy
number variants, the position of the mutation in the protein, the mutational burden among healthy individuals and membership
of the candidate gene in disease-implicated protein networks. We discuss these emerging criteria for gene prioritization and the

potential impact on the field of neuroscience.

Recent exome (and genome) sequencing studies of families have aimed
to comprehensively discover genetic variation to identify the most
likely causal mutation in patients with disease. Sequencing studies of
parent-proband trios for probands with intellectual disability (ID)12,
autism spectrum disorder (ASD)3-7, schizophrenia (SCZ)3-10 and epi-
lepsy!! have all suggested that de novo point mutations are important
in pediatric and adult disorders of brain development (Table 1). The
relative contribution of de novo mutations to each disorder remains to
be determined but appears to correlate well with the degree of reduced
fitness or fecundity of the given condition!2. However, not only
de novo events but also rare inherited copy number variants (CNVs)
can have an effect on fecundity, though their overall effect on fecundity
is still debated!3. Biologically, 75-80% of de novo point mutations arise
paternally®14, likely as a result of the greater number of cell divisions
in the male germline lineage than in the female lineage. These findings
are consistent with some epidemiological data that find advancing
paternal age to be a significant predictor of ASD, ID and SCZ!>-17 and
argue for the need to properly control for paternal age when comparing
mutation rates between probands and siblings. The importance of
de novo and private rare mutations is especially important clinically,
as there are now reports of diagnostic yields ranging from 10-55%
for select (usually the most severe) groups of patients with ID!? and
epilepsy!8, in addition to resolution of unsolved Mendelian disorders!®.
It is clear that next-generation sequencing approaches have provided
powerful tools for identifying genes harboring potentially pathogenic
mutations. Deciding which genes to pursue, however, is not always
self-evident because follow-up research and diagnostic studies are
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critical to understanding the full contribution of a particular mutation
to its respective phenotype.

In this Review, we will discuss the prioritization of candidate genes
identified through sequencing studies, show emerging trends and
highlight potential strategies for subsequent functional characteriza-
tion of these neurodevelopmental genes. We focus on lessons learned
from 11 recent studies that report 2,368 de novo mutations from a
total of 2,358 probands and 600 de novo mutations from 731 controls
(Table 1). The bulk of the data originate from sequencing studies
of parents and probands with ASD, ID and epileptic encephalopa-
thies, but more recent studies have also highlighted the importance of
de novo mutations in SCZ. There is evidence that de novo mutations,
particularly disruptive mutations, occur in the same genes despite the
nosological distinction for these different diseases. For the purpose of
this Review, we collectively term these diseases ‘neurodevelopmental
disorders’ but recognize that some, especially adult-onset diseases
such as SCZ, may have etiologic components that are not neurode-
velopmental in origin.

Recurrently mutated genes

One of the frequently used concepts in considering possible ‘new
disease genes’ responsible for a given neurodevelopmental pheno-
type is the recurrence of de novo mutations in the same gene, along
with the absence of such mutations in healthy controls. This rule
follows the precedent established for the discovery of pathogenic
de novo CNVs during the last decade, with the highest priority
given to recurrent mutations that lead to a complete loss of func-
tion of one of the parental copies of the gene. Up to ten independ-
ent reports of de novo mutations in SCN2A and nine independent
reports of de novo mutations in SCNIA and STXBPI have been
described (Tables 2 and 3). Strikingly, de novo mutations in those
genes have so far been found exclusively in probands and never in
controls. Simulation data suggest that at least two but certainly three
or more recurrent de novo loss-of-function (LoF) events (that is,
predicted nonsense, frameshift or canonical splice site mutations)

764

VOLUME 17 | NUMBER 6 | JUNE 2014 NATURE NEUROSCIENCE


http://www.nature.com/doifinder/10.1038/nn.3703
http://www.nature.com/natureneuroscience/

© 2014 Nature America, Inc. All rights reserved.

&

REVIEW

Table 1 Summary of 11 major (exome) sequencing studies

Number of coding and splice site de novo point
mutations in probands

Number of coding and splice site de novo point
mutations in controls or siblings

Nonsyn- Nonsyn-
Number of Codon onymous/ Codon onymous/
Number of  controls (c) indels Mis- Syn-  synonymous indels Mis- Syn- synonymous
Study Disorder probands or siblings (s) Total LoF (in-frame) sense onymous ratio Total LoF (in-frame) sense onymous ratio
Rauch ID 51 20 (c) 91 21 0 58 12 6.6 27 3 0 17 7 2.9
etal? (79/12) (20/7)
De Ligt ID 100 0 79 15 0 48 16 3.9 NA NA NA NA NA NA
etall (63/16)
O’Roak ASD 209 50 (s) 260 38 0 154 68 2.8 50 3 0 31 16 2.1
etal3 (192/68) (34/16)
Sanders  ASD 225 200 (s) 172 15 3 125 29 4.9 125 5 0 82 38 2.3
etal4a (143/29) (87/38)
Neale ASD 175 0 169 18 0 101 50 2.4 NA NA NA NA NA NA
etal’ (119/50)
lossifov ASD 343 343 (s) 362 61 7 209 85 3.3 314 30 8 203 73 3.3
etal>b (277185) (241/73)
Jiang ASD 32 0 42 5 0 28 9 3.7 NA NA NA NA NA NA
etal (33/9)
Allen EE 264 0 289 36 1 196 56 4.2 NA NA NA NA NA NA
et al.ll (233/56)
Gulsuner  SCZ 105 84 (c) 100 12 0 57 31 2.2 67 11 0 37 19 2.5
etal8 (69/31) (48/19)
Xu SCz 231 34 164 20 4 115 25 5.6 17 1 0 11 5 2.4
et al.9c (139/25) (12/5)
Fromer SCz 623 0 640 65 9 410 156 3.1 NA NA NA NA NA NA
et al.1o (484/156)
Sums 2,358 731 2,368 306 24 1,501 537 3.4 600 53 8 381 158 2.8
(12.9%) (1.0%) (63.4%) (22.7%) (1,831/537) (8.8%) (1.3%) (63.5%) (26.3%) (442/158)

Summary of de novo mutation discovery, including size of study, number of de novo mutations and severity for each group. EE, epileptic encephalopathies; ASD, autism spectrum
disorder; ID, intellectual disability; SCZ, schizophrenia; NA, not applicable. Putative LoF includes nonsense, frameshift and canonical splice site mutations as based on gene

annotation. For some studies the numbers deviate from the numbers given in the main publication; numbers considered here were retrieved from de novo mutation overviews from
supplementary tables and reannotated using Seattle-Seq. When considering all studies together, the total number of de novo mutations identified in probands versus controls and

siblings is different (Fisher’s exact test, P = 0.0012); this may, however, instead reflect the technical differences among the studies. The most significant difference is seen for
the number of LoF de novo mutations, which is significantly higher in probands than in controls and siblings (Fisher’s exact test, P= 0.0062). Similarly, the total number of
nonsynonymous versus synonymous variants is higher in probands than in controls and siblings; however, this does not reach significance (Fisher’s exact test, P = 0.066).
aStudy did not consider all indels for case-control comparisons. PNot all de novo mutations were validated by Sanger sequencing. Study excluded splice site variants if not in canonical

dinucleotide of splice site.

are unlikely to occur by chance, making such genes outstanding
candidates (Table 2)7.

The frequency of recurrence is dependent on the extent of locus
heterogeneity associated with each disease. Leveraging observed
recurrences of de novo mutations (Fig. 1), researchers believe that
diseases such simplex autism and SCZ arise from mutations in >500
genes, while studies of severe ID and epileptic encephalopathies
(infantile spasms and Lennox-Gastaut subtypes) suggest lower hetero-
geneity. Such estimates should be considered only rough approxima-
tions at this point because they are highly dependent upon the fraction
of de novo mutations that are in fact pathogenic, as well as ascertain-
ment biases in sample collection (Fig. 1). In this regard, several of the
candidate genes with highest numbers of recurrent mutations have
been observed in patients with epilepsy!!, ID12 and ASD3-7. This
may not be surprising in light of the comorbidity of these diseases
and if one accepts that heterogeneity is lower for epilepsy-related
disorders than for ASD, SCZ or ID. In such a scenario, sequencing of
even a modest number of epilepsy cases delivers recurrent mutations
more frequently than more broadly defined developmental delay or
ASD!118. One study of SCZ, for example, highlighted four recurrently
mutated genes, but perhaps more remarkably, the same study identi-
fied overlapping genes with those implicated in ASD when focusing
on prenatally expressed genes®. The stronger overlap between ASD,
ID and epilepsy and yet limited overlap with SCZ (Table 2) could
be largely because only a subset of the latter disease stems from a
neurodevelopmental origin.

Perhaps the most striking examples are recurrent identical de novo
mutations in the same gene. Across the various studies, such identi-
cal recurrences have already been observed for six genes (ALGI13,
KCNQ3, SCN1A, CUX2, DUSP15 and SCN2A; Table 4). Such events
are exceedingly unlikely, with estimates of identical recurrences in
ALGI13 and SCN2A calculatedat P=7.77 x 10712and P=1.14 x 1079,
respectively, in the case of epilepsy!l. Most of these estimates of signif-
icance, however, assume a random mutation process. Yet mutational
hotspots certainly exist, and recurrence of the same mutation cannot
be taken as proof positive of an association.

The clinical significance of most de novo mutations discovered in
patients remains unclear. For most genes, only a single de novo muta-
tion has been identified. Nevertheless, on the basis of the observation
that de novo LoF mutations occur two to three times more frequently
in ASD probands than in unaffected siblings, it is now estimated that
a large fraction of these singletons will be relevant to disease etiology.
When considering all studies in aggregate, de novo LoF mutations are
observed significantly more in cases than in controls (Table 1; Fisher’s
exact test, P = 0.0062). The interpretation of recurrent missense
mutations, however, represents a greater challenge. Sanders et al4
estimated that four missense de novo mutations in the same genes
would be required in simplex autism to exceed a chance finding; this
was based on a cohort size of up to 2,000 with an estimated locus
heterogeneity of 1,000 ASD risk loci. Given the extreme locus hetero-
geneity of diseases such as ASD and ID, other strategies have been
adopted to prioritize likely causal genes. High-throughput targeted
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Table 2 Recurrent and overlapping genes: de novo mutations in
same genes observed among ID, ASD, EE and SCZ

Mutation Neurodevelopmental
Total type disorder
Gene observations  LoF* Missense ~ ASD ID EE  SCz
SCNZ2A 11 7 4 4 4 2 1
SCNIA 9 4 5 1 0 8 0
STXBP1 9 2 7 1 3 5 0
GABRB3 5 0 5 1 0 4 0
TRIO 5 0 5 2 2 1 0
POGZ 4 3 1 2 0 0 2
MYH9 4 1 3 1 1 0 2
SYNGAPI 4 4 0 0 3 0 1

Genes reported with recurrent (=4) nonsynonymous de novo mutations identified
in 11 studies on four different neurodevelopmental phenotypes. EE, epileptic
encephalopathies; ASD, autism spectrum disorder; ID, intellectual disability;
SCZ, schizophrenia. TTN and MUC5B were excluded from this table owing to high
variant load in controls and unlikely involvement in the phenotypes discussed.
*Includes nonsense, frameshift and splice site mutations.

multiplexed resequencing technologies, such as molecular inver-
sion probes, have been employed to screen ~50 candidate genes in
thousands of patients and controls®!8. Such approaches are scalable,
inexpensive (less than $1 per gene per sample), sensitive and spe-
cific, increasing by an order of magnitude the number of patients
that can be screened. The strategy was particularly useful in discov-
ering a burden of de novo LoF mutation of CHDS8 associated with
ASD?0. The relatively ease in detecting de novo mutations allows rapid
identification of potential candidate genes; the number of cases that
are required to make these findings statistically significant (Fig. 1) can
be lower for the genes that are mutated exclusively in a large number
of patients when compared to standard case-control studies?!.

Previous evidence of overlap with pathogenic CNVs

Another strategy has been to compare patterns of CNVs in patient
and control populations to prioritize genes (Fig. 2)?2. Extensive CNV
morbidity maps have been developed for tens of thousands of children
with autism, ID and epilepsy, helping to define pathogenic regions
of dosage imbalance in the human genome?3-26. Overlapping dele-
tions in such collections occasionally refine the smallest region of
overlap, highlighting a modest number of candidate genes. Recurrent
de novo point mutations in a gene within such a region with CNV
burden substantially increases the likelihood that LoF of the gene
is responsible for a phenotype. O'Roak et al.3 and Rauch et al.? each
discovered, for example, LoF point mutations for SETBPI—a gene
where a significant enrichment for deletion CNV's has been seen in
patients with overlapping neurodevelopmental phenotypes but not in
controls. Similar patterns have recently been observed for DYRKI1A
and MBD?5 (Fig. 2), including reports of balanced but gene-disrupting

chromosomal translocations?”. Such information has been used to
compute haploinsufficiency scores>?8 to strengthen the case for cau-
sality of de novo LoF mutations (Fig. 2).

Position of the mutation in the protein

More than 60% of de novo mutations discovered from exome sequenc-
ing projects are missense mutations (Table 1). Distinguishing patho-
genic signal from the background of benign mutations is an active
area of research. For genes for which previous CNVs or LoF mutations
were described, ‘severe’ missense mutations are also likely to result in
a dosage effect. However, there are examples, usually from clinically
well-defined neurodevelopmental syndromes, showing that missense
mutations result in different outcomes on the basis either of the
protein domain they affect, the position in the gene (for example,
the N or C terminus of the resulting protein)? or their potential
to modify the normal function of the protein. Examples of this last
include gain-of-function (GoF) mutations and LoF mutations in the
same gene that result in different phenotypic outcomes3®31. SETBP1
GoF in a degron sequence (ubiquitination motif) results in the rare
but well-defined Schinzel-Giedion syndrome3?, while deletions
or LoF mutations may result in a distinct and milder phenotype
comprising ASD or ID with speech delay and other features?333.34,
Other examples include different phenotypic effects dependent on the
location of the mutation: early truncating and missense mutations in
NOTCH2 are known to cause Alagille syndrome?®3, while truncating
events restricted to the last exon escape nonsense-mediated decay and
result in Hajdu-Cheney syndrome3¢:37.

Mutational burden among healthy individuals

One approach to prioritizing missense mutations leverages evolu-
tionary conservation by assigning ‘mutability scores’ per gene or
even at the base-pair level. O’Roak et al.3, for example, established
an evolutionary mutation score per human gene based on the human-
chimpanzee divergence and the size of a gene. Similarly, the Epi4k
Consortium used a gene-specific mutation rate based on a per-base
score38; this score was, however, not based on human-chimpanzee
evolution but made use of human-specific polymorphism data.
A recent publication used rare variant data from healthy individuals
and offers a new integrative annotation tool for noncoding vari-
ants3. The wealth of available control exome sequence data can also
be used to estimate the (rare) variant load per gene (and distribu-
tion). For example, the analysis of data generated from sequencing
6,500 ‘control’ exomes as part of the ESP6500 data release has been
used to define the load of LoF mutations per gene? and to prioritize
>4,000 human genes that are most intolerant of variation!!; details
on the respective samples can be obtained from the Exome Variant
Server (http://evs.gs.washington.edu/EVS/). Another approach uses

Table 3 Details of recurrent de novo mutations in SCN2A identified in seven studies with three different neurodevelopmental phenotypes

Gene Coding effect Mutation (genomic DNA level) Mutation (cDNA level) Mutation (protein level) Study Disorder
SCN2A  Frameshift ~ Chr2(GRCh37):g.166170553_166170584del NM_021007.2:c.1318_1349del p.Glu440Argfs*20 Jiang et al. ASD
SCN2A  Frameshift Chr2(GRCh37):g.166172105dup NM_021007.2:¢.1508dup p.Asn503Lysfs*19 Rauch et al.? ID
SCN2A  Frameshift ~ Chr2(GRCh37):g.166179825_166179826del NM_021007.2:c.1831_1832del p.Leu611Valfs*35 Rauch et al.2 ID
SCN2A  Missense Chr2(GRCh37):2.166198975G>A NM_021007.2:¢c.2558G>A p.Arg853GIn Allen et al.1! EE
SCN2A  Missense Chr2(GRCh37):2.166198975G>A NM_021007.2:¢c.2558G>A p.Arg853GIn Allen et al.l! EE
SCN2A  Missense Chr2(GRCh37):g.166201311C>T NM_021007.2:¢c.2809C>T p.Arg937Cys Rauch et al.2 ID
SCN2A  Nonsense Chr2(GRCh37):g.166201379C>A NM_021007.2:¢c.2877C>A p.Cys959* Sanders etal*  ASD
SCN2A  Nonsense Chr2(GRCh37):g.166210819G>T NM_021007.2:¢.3037G>T p.Glyl013* Sanders et al*  ASD
SCN2A  Nonsense Chr2(GRCh37):2.166231415G>A NM_021007.2:c.4193G>A p.Trp1398* de Ligt et al. ID
SCN2A  Missense Chr2(GRCh37):g.166234111C>T NM_021007.2:¢c.4259C>T p.Thr1420Met lossifov et al.> ASD
SCN2A  Splice site Chr2(GRCh37):2.166187838A>G NM_001040142.1:c.2150-2A>G p.? Fromer et al.l0  SCZ

EE, epileptic encephalopathies; ASD, autism spectrum disorder; ID, intellectual disability; SCZ, schizophrenia.
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Figure 1 Genes with recurrent de novo mutations in four
neurodevelopmental disorders. (a) We estimate the number of fully penetrant
genes that can explain disease once mutated, based on a de novo model
using the ‘unseen species problem’. We consider all recurrent missense or
LoF de novo mutations pathogenic, as well as a defined fraction of mutations
in genes observed just once (because it is unlikely that all de novo mutations
are pathogenic). The ratio between genes mutated recurrently and the rate

of singleton mutations suggests an estimate for the true number of genes
pathogenic when mutated. Including more singleton mutations increases

the fraction of each disorder explained by single de novo SNVs at the cost

of including more genes as pathogenic. Initial exome sequencing studies of
epilepsy and ID focused on specific pediatric subtypes or the most severe
cases; thus, the number of generalized epilepsy- or ID-associated genes is
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likely to be much higher. EE, epileptic encephalopathies; ASD, autism spectrum disorder; ID, intellectual disability; SCZ, schizophrenia. (b) Expected

hit rate (or sensitivity) of true positive genes discovered using trio sequencing studies (under a family-wise error rate of 5%; that is, each gene passes exome-
wide significance of 2.6 x 10-6). We estimate the power of trio sequencing to detect statistically significant associations for disease-associated genes,
under the assumption that 10% or 20% of singleton mutations could be fully penetrant (vertical bars in a). We assume the distribution of these genes is
uniform within each disorder and that they do not differ significantly from all genes in terms of length and mutability, although these are taken into account

when determining significance.

random mutation modeling®® to calculate the likelihood that observed
(de novo) mutations have a damaging effect. Similar prioritizations
are provided by tools that score individual mutation severity (SIFT,
PolyPhen2, MutationTaster, MutPred, CONDEL, etc.), some of which
can be adapted to a gene-based prioritization score from genome-wide
data®!. These population data provide a powerful unbiased approach
to home in on genes that are likely to be among the most penetrant
because of the complete absence of disruptive variation in the general
population (for example, CHD8 or DYRKIA). A critical aspect of such
analyses is the reliability of a particular gene model. Most human
genes show evidence of alternative splice forms, many of which have
no known function. Apparent hotspots of mutation for a particular
exon (often exon-intron boundaries) in both cases and controls may
suggest misannotation, the presence of a processed pseudogene or an
alternative, nonfunctional splice form.

Pathway enrichment and links to cancer biology

Another popular approach to discern the most important gene
candidates for further disease association and characterization has
been to identify specific biological networks of genes enriched in
cases as compared to controls. Although this approach cannot be used
unequivocally to define causality, membership of a specific gene in a
particular protein-protein interaction (PPI) or coexpression network
may increase the likelihood of its association with disease. Numerous
studies have reported significant enrichment of both de novo
CNV and single-nucleotide variant (SNV) mutations in particular
pathways>#42:43. O’Roak et al.?, for example, reported a significant

enrichment of de novo disruptive autism mutations among proteins
associated with chromatin remodeling and B-catenin and WNT
signaling—a finding that was replicated in a follow-up resequencing
study of more than 2,400 probands. One recent instance, in which
membership of a new candidate gene in a PPI network led to the
discovery of an autism-associated gene, is ADNP. A single ADNP
LoF mutation was initially observed in exome sequencing studies.
Although the observed mutation frequency in this gene did not reach
statistical significance when cases and controls were compared?’,
it was strongly implicated in the PPI network originally defined
by O’Roak et al.? Targeted resequencing experiments combined
with clinical exome sequencing identified several more cases with
de novo mutations and remarkably similar phenotypes represent-
ing a new SWI-SNF-related autism syndrome (Fig. 3)44. Notably,
many of the genes implicated in the 3-catenin pathway have also been
described as mutated in patients with ID! but not in patients with
SCZ. Similarly, an enrichment of genes interacting with FMRI (also
known as FMRP)—the gene responsible for fragile X syndrome—has
been reported with de novo mutations in ASD?, epilepsy!! and, most
recently, SCZ1045. Whether this observation is due to the relative high
incidence of cases that also presented with comorbid ID remains to
be determined.

In addition to PPI networks, studies of coexpression have shown
enrichment for specific spatio-temporal patterns of expression.
A study of coexpressed genes affected by de novo mutations reported
an enrichment in fetal prefrontal cortical network in SCZ8, which is
in line with the finding by Xu et al.? that genes with higher expression

Table 4 Recurrent identical de novo mutations in 6 genes identified in 11 exome studies with different neurodevelopmental phenotypes

Mutation
Gene Coding effect Mutation (genomic DNA level) Mutation (cDNA level) (protein level) Study Disorder
ALG13 Missense ChrX(GRCh37):.110928268A>G NM_001099922.2:¢c.320A>G p.Asn107Ser de Ligt et al.l 1D
ALGI3 Missense ChrX(GRCh37):g.110928268A>G NM_001099922.2:¢c.320A>G p.Asn107Ser Allen et al.11 EE
ALG13 Missense ChrX(GRCh37):.110928268A>G NM_001099922.2:c.320A>G p.Asn107Ser Allen et al.11 EE
KCNQ3 Missense Chr8(GRCh37):g.133192493G>A NM_001204824.1:¢c.328C>T p.Argl110Cys Rauch et al.? ID
KCNQ3 Missense Chr8(GRCh37):g.133192493G>A NM_001204824.1:¢.328C>T p.Arg110Cys Allen et al.11 EE
SCNIA Splice donor LRG_8:8.24003G>A NM_006920.4:c.602+1G>A p.? Allen et al.11 EE
SCNIA Splice donor LRG_8:8.24003G>A NM_006920.4:c.602+1G>A p.? Allen et al.11 EE
cuxz Missense Chr12(GRCh37):g.111748354G>A NM_015267.3:c.1768G>A p.Glu590Lys Rauch et al.? ID
cuxz Missense Chr12(GRCh37):g.111748354G>A NM_015267.3:¢c.1768G>A p.Glub90Lys Allen et al.11 EE
SCN2A Missense Chr2(GRCh37):2.166198975G>A NM_021007.2:¢c.2558G>A p.Arg853GIn Allen et al.11 EE
SCN2A Missense Chr2(GRCh37):g8.166198975G>A NM_021007.2:¢c.2558G>A p.Arg853GIn Allen et al.11 EE
DUSP15 Missense Chr20(GRCh37):2.30450489G>A NM_080611.2:¢c.320C>T p.Thr107Met Neale et al.” ASD
DUSP15 Missense Chr20(GRCh37):g.30450489G>A NM_080611.2:¢.320C>T p.Thr107Met Fromer etal.l®  SCZ
EE, epileptic encephalopathies; ASD, autism spectrum disorder; ID, intellectual disability; SCZ, schizophrenia.
NATURE NEUROSCIENCE VOLUME 17 | NUMBER 6 | JUNE 2014 767


http://www.ncbi.nlm.nih.gov/nuccore/NM_001099922.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_001099922.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_001099922.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_001204824.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_001204824.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_006920.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_006920.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_015267.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_015267.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_021007.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_021007.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_080611.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_080611.2

© 2014 Nature America, Inc. All rights reserved.

&

REVIEW

Figure 2 CNV and exome intersections define a B CNV deletions B CNV duplications
candidate genes. (a,b) Deletion (red) and Chez
L 148400000 148600000 148800000 149000000
duplication (blue) burden for developmental position X X X X
delay or ID cases and controls for two genes,
DYRK1A (a) and MBD5 (b), as compared to Cases
sporadic LoF mutations on the basis of exome
sequencing of 209 autism simplex trios. DYRK1A Controls [ . —
is a strong candidate gene for cognitive deficits 2q23.1
associated with Down syndrome; LoF mutations ACVR2A pwwoiith  MBD5 i
are associated with minibrain phenotype in Genes ORC4 wifikerecseste A
Drosophila®5, autism-like behavior in mouse5 De novo truncating indel mutation in autism patient
and a deletion syndrome in humans?27.63, MBD5
has been implicated as the causal gene for b Chr21 37650000 37700000 37750000 37800000
the 2g23.1 deletion syndrome associated with o
. . position | | | |
epilepsy, autism and 1D91.92,
in early fetal life have substantial contribu- Cases
tion to SCZ by de novo mutations. Similarly,
Willsey et al.*¢ working with a few high-
confidence sets of ASD-associated genes as Controls [
seeds reported a convergence of the expres- 21q22.13
Genes DYRKI1A | o bbb

sion of these genes in deep-layer cortical
projection neurons (layers 5 and 6) in mid-
fetal development. Another analysis using a
larger set of ASD and ID risk genes suggested translational regulation
by FMRI and an enrichment in superficial cortical layers®3. Implicit
in these types of analyses is the notion that, while more than 1,000
genes may be responsible for ASD or ID, in the end the genes will con-
verge on a few highly enriched networks of related genes. It is possible
that molecular therapies targeted to the network at a specific stage of
development, as opposed to the individual gene, may be beneficial to
specific groups of patients.

Related to this, it is intriguing that several recurring genes and
pathways that have been implicated in neurodevelopmental disease
have also been associated with different forms of cancer (Fig. 4)%7.
While clear-cut examples such as the mutation of the tumor sup-
pressor genes PTEN (Cowden syndrome) or ARIDI1B (Coffin-Siris
syndrome) in neurodevelopmental disease have been extensively
reviewed*8, more recent exome sequencing data from patients with
neurodevelopmental disease suggest new links. The most striking
observation here is the identical point mutations reported to cause
cancer when mutated somatically and severe neurodevelopmental syn-
dromes when mutated in the germline. Examples include the identical
mutations in SETBPI (ref. 32), ASXLI (ref. 49) and EZH2 (ref. 50), as
well as several genes of the RAS-MAP kinase pathway associated with
parental-age-effect Mendelian disorders®! (Supplementary Table 1).
It is important to stress that this is an observation at an individual
gene level and should not be translated to an epidemiological link:

Figure 3 Phenotypic similarity of two patients
with identical PACS1 de novo mutations and two
patients with similar ADNP mutations. (a) These
two unrelated patients show identical de novo
point mutations (c.607C>T; p.Arg203Trp) in
PACSI (RefSeq NM_018026.3)%3. The striking
similarity in phenotype includes low anterior
hairline, highly arched eyebrows, synophrys,
hypertelorism with downslanted palpebral
fissures, long eyelashes, a bulbous nasal tip, a
flat philtrum with a thin upper lip, downturned
corners of the mouth and low-set ears. Reprinted

De novo splice site mutation in autism patient

that is, this cannot be generalized to speculate that patients with neuro-
developmental disorders in these specific genes will all be at a higher
risk for certain cancer types. Instead, it is likely that this convergence
represents a selection of genes that are fundamental to cell biology
(for example, cell proliferation and/or membership in multi-subunit
complexes associated with chromatin remodeling). There is also the
distinct possibility of pleiotropy; that is, the genes and pathways have
completely unrelated functions, explaining developmental defects and
cancer independently. Therefore, de novo mutations in those genes
can result in different outcomes depending on timing, genetic back-
ground and cellular context. Nevertheless, there may be advantages
to integrating sequence data from patients with neurodevelopmental
disease and massive sequencing programs devoted to the discovery of
somatic mutations in tumors—for example, the International Cancer
Genome Project®?. It is possible that these intersections will help to
further prioritize genes important in both cellular development and
neurodevelopment.

Phenotypic similarity of recurrent de novo mutations

Although essential, statistical support of recurrent mutations is
not the sole arbiter in determining pathogenicity of particular
mutations and genes. In particular, it is important to consider the
phenotypic presentation and overlap of the individuals with the same
presumptive underlying genetic lesion. In this regard, we note that

from ref. 53, Copyright (2012), with permission from The American Society of Human Genetics. (b) These two unrelated patients both show LoF mutations
in ADNP (c.2496_2499delTAAA; p.Asp832Lysfs*80 and ¢.2157C>G; p.Tyr719%)44 resulting in a new SWI-SNF-related autism syndrome. Patients present
with clinical similarities, including a prominent forehead, a thin upper lip and a broad nasal bridge. Reprinted from ref. 44.
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Figure 4 Examples of coincidental de novo mutations in cancer and
neurodevelopmental disorders. (a) Mutation spectrum of SETBPI. sAML
and CMML, secondary acute myeloid leukemia and chronic myelomonocytic
leukemia®3 (p.Asp868Tyr, 1 mutation event identified; p.Asp868Asn,

28 events; p.Ser869Asn, 1 event; p.Gly870Ser, 15 events; p.11e871Thr,

5 events); aCML, atypical chronic myeloid leukemia®# (p.Asp868Asn,

7 events; p.Ser869Gly, 1 event; p.Gly870Ser, 5 events; p.11e871Thr,

2 events); SGS, Schinzel-Giedion syndrome32 (A.H., unpublished

data: p.Asp868Ala, 1 event; p.Asp868Asn, 7 events; p.Ser869Arg,

1 event; p.Ser869Asn, 1 event; p.GGly870Ser, 4 events; p.Gly870Asn,

2 events; p.11e871Thr, 10 events); ID+, intellectual disability with other
features2:3 (p.Leu592* and p.906fs, 1 event each). The red box shows
the amino acids that represent the degron sequence, four of which are
frequently mutated. (b) Mutation spectrum of ARIDIB. Somatic mutations
retrieved from COSMIC database. Only ‘somatic validated’ and ‘previously
described’ somatic mutations with a PubMed entry were considered.

CSS, Coffin-Siris syndrome48.55 (p.GIn408Profs*127, p.Ser413Valfs*122,
p.Asn420Lysfs*115, p.Pro449Argfs*53, p.Tyr867Thrfs*47,
p.Met935Asnfs*7, p.Ser959Argfs*9, p.Alal000Argfs*5, p.Argl075%,
p.Gly1283Trpfs*38, p.Argl337*, p.Tyr1366*, p.Pro1489Leufs*10,
p.Tyr1540%, p.GIn1541Argfs*35, p.Trp1637Cysfs*6, p.Lys1777%,
p.Phel798Leufs*52, p.Asp1879Thrfs*95, p.Arg1990*, p.Arg1990*,
p.Arg1990*, p.Trp2013*, p.Pro2078Leufs*21); ID% (p.Arg372Profs*163,
p.Argl102*, p.Lys1108Argfs*9, p.GIn1307*, p.Tyr1346%*,
p.Arg1338Argfs*76, p.Ser2155Leufs*33); ASD3 (p.Phe1798Leufs*52);
splice site mutations not considered. ARID, AT-rich interactive domain.

(c) Mutation spectrum of PTEN. Somatic mutations retrieved from the
COSMIC database. Only ‘somatic validated’ and ‘previously described’
somatic mutations with at least five independent entries are displayed.
CS, Cowden syndrome; ASD and MS, autism spectrum disorder and
macrocephaly syndrome; BRBS, Bannayan-Riley-Ruvalcana syndrome
(based on OMIM entries); splice site mutations not considered.

many of the initial studies are likely to be enriching for the most severe
cases because ascertainment is clinical as opposed to population
based. As a result, initial estimates of penetrance may be overesti-
mated and phenotypic heterogeneity underestimated. Nevertheless,
identification of clinically recognizable syndromes or sets of pheno-
typic features has historically been used to strengthen the case for a
particular gene’s involvement. In the past, gene discovery was usually
driven by detailed description of a particular syndrome (for exam-
ple, fragile X or Rett syndrome), followed by a systematic hunt for
the mutated gene. Recognition of clinical subtypes, however, is now
beginning to occur after mutation and gene discovery. In the case of
PACSI (ref. 53), for example, identical de novo mutations result in
patients with a strikingly similar phenotypic outcomes (Fig. 3). Such
clinical discernment, now more than ever, requires the expertise of
the clinician.

It should be noted, however, that not all genes when mutated will
show a phenotypic convergence; they rather may be much more
variable in their phenotypic presentation. For example, mutations
in ARIDIB can either lead to isolated ID>* or syndromic form of ID
with a recognizable phenotype known as Coffin-Siris syndrome*®>33.
The type of mutation may be critical in this regard. It is noteworthy
that patients with LoF mutations of SCN2A described in autism
cohorts* do not show epilepsy, in contrast to multiple recurrent
missense mutations identified among epileptic encephalopathies
or, more specifically, the infantile-spasms or Lennox-Gastaut
subtype. Similarly, de novo missense mutations in CHD2, SETD5
and SLC6A I have been reported in patients with ASD, yet frameshift
mutations in the same genes are seen in patients with ID but without
ASD features?. There are several considerations regarding genotype-
phenotype correlations.

First, some of the classically defined neurodevelopmental syn-
dromes may present with broader (or milder) phenotypes as defined
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by initial clinical case reports?. There is evidence that the genetic
background on which these mutations occur substantially influences
phenotypic outcome®®-38,

Second, genotype-first approaches using current genomic technolo-
gies followed by ‘reverse phenotyping’ are beginning to define more
subtle syndromes that are still opaque in large umbrella cohorts such
as ASD or ID!3. Some examples include macrocephalic subtypes of
ASD or ID caused by mutations in PTEN and CHD8 (refs. 20,59) and
developmental delay/ID and epilepsy caused by de novo mutations
in SCN2A (refs. 1,2,18).

Third, after discovery of potential causative mutations, more
detailed and standardized phenotyping assessments are necessary to
eliminate disease ascertainment biases. As patients with a specific
mutation will individually be rare, greater coordination, including
patient recontact, will need to occur across clinical research centers.

Biological impact in model organisms

Detailed phenotypic characterization of patients is an important first
step in modeling mutations in other organisms. Indeed, additional
support for a gene’s involvement in disease is often provided by related
pathologies in these model organisms and may be used to rapidly
prioritize genes for further study, as well as to provide further insight
into function. In many cases, mouse models®® or Drosophila mutant
lines®! already exist and neurologic phenotypes have been, at least par-
tially, documented. For example, recurrent LoF mutations of ADNP
(activity-dependent neuroprotective peptide) were recently described
in patients with autism and ID3. Heterozygous knockout mice show a
neuronal and glial pathology associated with reduced cognitive func-
tion®2, and this phenotype was recognized in mouse models before
the association with human disease. Similarly, heterozygous deletions
or mutations of DYRKIA in humans?®%3, mice®* and fruit flies®
all show a phenotype of reduced brain volume associated with
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microcephaly. In this regard, it is interesting that the DYRKIA LoF
mutations were the last to be documented, with the models predat-
ing the discovery of human genetic diseases. With new resources
such as the Zebrafish Mutation Project® and the International
Knockout Mouse Consortium®, we may achieve more systematic and
high-throughput genome-wide approaches for model organisms, in
particular for LoF mutations.

Limitations and future directions

Despite the great success of recent exome studies, most analyses
have so far been restricted to the protein-coding portion of the
genome—a very small fraction (1.5%) of all human genetic variation.
Furthermore, the definition of the protein-coding portion is far from
perfect. Portions of the reference genome®”-%8 and gene annotation®®
are incomplete, especially in relation to isoforms specifically expressed
in the brain. Regulatory variation and its impact are as yet ignored.
Even though genome sequencing costs have decreased, discovery and
interpretation of genetic variation remain significant hurdles. Unlike
protein-coding sequencing, defining the functional regions and the
type of mutations that will abrogate such function remain active
areas of research. Nevertheless, the genes where dosage imbalance
have been found to strongly associate with disease represent a logical
starting point to begin to interrogate regulatory mutations, as well
as epigenetic factors that may have a similar effect. Targeted rese-
quencing of the entire genomic loci of interest (that is, including
noncoding parts of the genes), as well as full genome sequencing,
will undoubtedly find new mutations and further improve our under-
standing of the phenotype-genotype relationship. Despite the recent
emphasis on de novo mutations, their contribution to disease can only
be understood in the context of the full spectrum of genetic variation
of each individual?>>7.

Even for the protein-coding component, sequence discovery is
incomplete, with 5-10% of the exons either being missed or insuf-
ficiently captured to confidently call genetic variation. The bias is
particularly pronounced for genes mapping to high-GC-content
regions of the genome, where as many as 20-30% of exons may be
insufficiently covered. The sequencing technology also introduces
biases against certain types and classes of mutation. The discovery
of indels is largely regarded as incomplete because of difficulties
associated with mapping short sequence reads in low-complexity
regions’?. Although there have been recent methods for calling
smaller CNVs, validation experiments indicating specificity and
sensitivity are still far from ideal’’72. The development of new
sequencing chemistries and platforms that can cheaply and in a
high-throughput manner access these regions of the genome should
remain a high priority.

There is another level of reduced sensitivity related to the
timing of de novo mutations. It is increasingly recognized that
postzygotic de novo mutations—that is, mutations in somatic state—
may be important in many more disorders’3. While the importance
of somatic de novo mutations has been recognized for many years in
the field of cancer genetics®274-7%, we are only starting to appreciate its
prevalence in neurodevelopmental disease’”>’8. Several exome studies
report that individual de novo mutations are likely to have occurred
postzygotically, with estimates ranging from 1 to 2% of new muta-
tions based on analysis of DNA derived from blood. O’Roak et al.3, for
example, have shown that ~4% (9 of 209 cases) of de novo mutations
were likely to have occurred postzygotically. Mosaic mutations have
been observed as a more general theme for CNVs but not yet linked
systematically to disease’®. More sensitive technologies3%81, as well as
access to more clinically relevant tissue types, are required to identify

lower level mosaicism. For defined disorders with isolated neurologic
involvement, this may never be possible if the mosaicism is restricted
to neuronal subtypes in the brain.

Besides technical hurdles, there is the daunting prospect of the
extreme locus heterogeneity of these diseases. This raises the distinct
possibility that a recurrent de novo mutation in a second patient will
never be seen again in the same clinic. This can be partially over-
come by developing new models for data sharing (for example,
de novo variant databases) and generating larger sample collections
of patients (>50,000) that may be screened in follow-up targeted rese-
quencing experiments. This requires a shift toward a more integrated
and collaborative model of clinical and basic research. Successful
models of clinical laboratory cooperation and standardization have
already been established for the exchange of CNV data—for exam-
ple, the International Standards for Cytogenomic Arrays (ISCA)
Consortium—and there is momentum for doing the same for exome
and genome sequence data sets—for example, the International
Collaboration for Clinical Genomics (ICCG)?. The sheer size
of the data set (petabytes), ever-changing advances in sequencing
technology and the importance of standardized call sets, however,
pose major challenges.

Although sporadic mutations have been the focus of this Review,
the importance of inherited mutations should not be underestimated.
There is, in fact, compelling evidence that such variation contributes
substantially to these diseases*>7>8283, While specific gene effects are
much more difficult to tease apart in the general population owing to
the genetic heterogeneity of these diseases*®, other approaches, such
as studies of consanguineous families, have identified many candi-
date risk genes under a recessive disease model®4-8. It should also
be noted that the effect size and penetrance for many of the recurrent
de novo mutations is not yet known. For autism, de novo mutations
have been thought to collectively increase risk 10- to 20-fold for up
to 20% of patients with disease. It is likely that in some cases a rare
variant will be necessary but not sufficient to confer the phenotype,
requiring that both inherited and de novo mutations be jointly con-
sidered in order to understand their impact, as has been noted for
some CNV risk variants®”:87. Understanding the gender bias, which
is particularly pronounced for ASD and ID, will require integrating
inherited and de novo mutations from both the X chromosome and
autosomes. Data from CNVs as well as SNVs suggest that the carrier
burdens of males and females differ significantly*>728%8% The evi-
dence suggests that healthy females are more likely to be carriers of
deleterious mutations and, therefore, protected against such diseases.
Perhaps sex-dependent modifiers are responsible for slightly differ-
ent diagnostic boundaries for neurodevelopmental disorders between
male and female patients.

Because the physiological function of many of the genes linked
to disease are yet unknown, it will be necessary to perform system-
atic studies to understand their specific role in neurodevelopment.
The sheer volume of high-impact genes will probably necessitate
large-scale model organism knockouts in Drosophila, zebrafish and
mouse®®%, industrial-level development of induced pluripotent stem
cell lines and neuronal differentiation protocols®, as well as massive
screens using mass spectrometry to identify protein interaction part-
ners. All of these approaches have their own limitations. For example,
it is an open question how well knockouts will model neurodevel-
opmental diseases such as ASD or ID because most of the known
effects in humans occur in the heterozygous state and most knockout
phenotypes are typically studied as homozygous LoF mutations. Many
phenotypic aspects of complex neuropsychiatric and neurobehavioral
disease will not be amenable to model systems, further limiting such
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functional approaches. Notwithstanding these challenges, we are in a
golden age of ‘neurogene’ discovery that promises not only to improve
our understanding of disease but to provide fundamental insight into
the biology of human brain development.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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