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Spatial Clustering of de Novo Missense
Mutations Identifies Candidate
Neurodevelopmental Disorder-Associated Genes
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Summary

Haploinsufficiency (HI) is the best characterized mechanism through which dominant mutations exert their effect and cause disease.
Non-haploinsufficiency (NHI) mechanisms, such as gain-of-function and dominant-negative mechanisms, are often characterized by
the spatial clustering of mutations, thereby affecting only particular regions or base pairs of a gene. Variants leading to haploinsufficency
might occasionally cluster as well, for example in critical domains, but such clustering is on the whole less pronounced with mutations
often spread throughout the gene. Here we exploit this property and develop a method to specifically identify genes with significant
spatial clustering patterns of de novo mutations in large cohorts. We apply our method to a dataset of 4,061 de novo missense mutations
from published exome studies of trios with intellectual disability and developmental disorders (ID/DD) and successfully identify 15 genes
with clustering mutations, including 12 genes for which mutations are known to cause neurodevelopmental disorders. For 11 out of
these 12, NHI mutation mechanisms have been reported. Additionally, we identify three candidate ID/DD-associated genes of which
two have an established role in neuronal processes. We further observe a higher intolerance to normal genetic variation of the identified
genes compared to known genes for which mutations lead to HI. Finally, 3D modeling of these mutations on their protein structures
shows that 81% of the observed mutations are unlikely to affect the overall structural integrity and that they therefore most likely

act through a mechanism other than HI.

De novo mutations affecting protein-coding genes are a
major cause of intellectual disability (ID) and other
developmental disorders (DDs)."? Several whole exome
sequencing (WES) studies have identified ID syndromes
molecularly characterized by very specific spatial clus-
tering of de novo missense mutations.”> ® Similarly, large-
scale WES studies of individuals affected by ID/DD have
recently leveraged this phenomenon as supporting evi-
dence of the involvement of a gene in disease.”® This
spatial clustering of de novo mutations (DNMs) is typical
for missense mutations in genes without clear, or limited
numbers of, truncating mutations subsequently degraded
by nonsense-mediated mRNA decay, suggesting that these
clustered mutations act through a different mechanism
than haploinsufficiency (HI).” Alternative pathophysiolog-
ical mechanisms that might underlie (de novo) mutation
clustering are gain-of-function or dominant-negative
effects, resulting in the alteration or impairment of specific
protein function.'”'! We note that while spatial clustering
is commonly taken to indicate a mechanism different from
loss-of-function, *? this is not an absolute rule, and a loss-
of-function mechanism cannot be excluded without
functional evidence.'® Here, we developed a method to
identify genes with spatially clustered DNMs and applied

this to DNMs identified in a large cohort of individuals
with ID/DD."*

We downloaded all DNMs occurring in individuals with
ID/DD from de novo-db version 1.3'* identified through
WES and whole genome sequencing which were then re-
annotated with our in-house variant annotation pipeline.
The de novo mutations included in the analysis were pre-
viously validated by a second independent method or
showed a high validation rate for a subset of de novo
mutations. In addition, we added 1,183 de novo variants
identified in the exomes of an in-house ID cohort that
was previously published.® To further reduce the risk of
including sequencing artifacts and/or genotyping errors,
we excluded all de novo variants that were present more
than once in the ExAC dataset (Table S1).'° These efforts
resulted in 6,495 protein coding DNMs, including 4,061
missense mutations, in 5,302 individuals with ID/DD
(Table S2).

We set out to determine for any gene whether the
observed de novo missense mutations cluster more than
expected compared to random permutations. Hereto, we
selected for each the longest representative transcript
(i.e., part of the GENCODE basic set)'® and calculated the
geometric mean distance ¢, over all missense DNMs on
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Table 1.

List of Identified Genes with Clustering de Novo Missense Mutations

Gene name Transcript ID # de novo missense Median distance (bp) p value Adj. p value
ACTL6B* ENST00000160382 3 0 5.70E-07 1.10E-02
ALGI13 ENST00000394780 3 0 1.50E-07 2.89E-03
CDK13 ENST00000181839 12 273 <1.00E-08 <1.93E-04
COL4A3BP ENST00000380494 6 18 2.60E-07 5.01E-03
GABBR2? ENST00000259455 3 0 9.00E-08 1.74E-03
GRIN2B ENST00000609686 11 354 1.57E-06 3.03E-02
KCNH1 ENST00000271751 7 65 1.00E-07 1.93E-03
KCNQ2 ENST00000354587 20 301 5.00E-08 9.64E-04
KIF5C ENST00000435030 3 0 1.40E-07 2.70E-03
PACS1 ENST00000320580 9 0 <1.00E-08 <1.93E-04
PACS2¢ ENST00000458164 3 0 1.50E-07 2.89E-03
PCGF2 ENST00000360797 3 0 1.11E-06 2.14E-02
PPP2R1A ENST00000322088 4 5 4.60E-07 8.87E-03
PPP2RSD ENST00000485511 16 10 <1.00E-08 <1.93E-04
SMAD4 ENST00000398417 4 6 1.60E-07 3.08E-03

P values are based on a permutation test (N = 1.00E4-08). Adj. p values are corrected by Bonferroni correction. The three identified genes that have not yet been

implicated in ID/DD are indicated by an °.

¢DNA. ¢, was calculated by taking the mean distance
normalized for transcript length I over all (M) combina-
tions of x; and x; of the missense DNMs (Equation 1),
where x represents the position for mutation i and j res-
pectively. Statistical significance was determined by
performing 1.00E4-08 (or N) permutations and calculating
for each permuted geometric mean distance (d,) how
many times this resulted in the same or smaller geometric
mean distance as observed (Equation 2) Permutation
p values were corrected for multiple testing via Bonferroni
procedure based on the 19,280 genes of the Agilent
SureSelect v5 exome enrichment Kkit.

gl-

M
Xi — X; 1
5 = H | i |+ 1
ij=1

i<j

AR [a;sag] +1

2
N+1

p =

We first validated our method on a dataset of DNMs
identified in 2,448 unaffected siblings and healthy control
studies'*17~22 (Table S3). In this cohort, we failed to iden-
tify genes for which clustering of de novo missense muta-
tions reached statistical significance (Table S4). However,
application of our method to the dataset of 4,061 DNMs,
containing 583 genes with more than one de novo
missense mutation, revealed 15 genes with significant
clustering’-*%*~%> (Table 1, Figure 1, Figures S1-S15). In
these genes, a total of 107 de novo missense mutations

contributed to mutation clustering, ranging from three to
20 mutations per gene with an average distance ranging
from O to 354 bp. To exclude a correlation between the
extent of clustering and the total number of de novo
missense mutations analyzed, we applied our method to
a cohort of 6,154 de novo missense variants present in
de novo-db excluding the five studies incorporated in
the ID/DD cohort, and found no such correlation
(Figure S16). To examine whether this set of 15 genes is
relevant in the context of ID/DD, we compared these
genes to a list of 1,541 genes for which mutations are
known to cause ID/DD (Table S5). This list of genes was a
compilation of two manually curated lists of disease-associ-
ated genes including “confirmed” unique genes from
DDG2P (n = 1,098; see Web Resources) and 1,034 genes
offered for diagnostic testing in individuals with ID/DD
by our in-house diagnostic facility (see Web Resources).
Among the 15 identified genes with mutation clustering,
we find 12 genes for which mutations have previously
been implicated in ID/DD, constituting a significant
enrichment (p = 3.09e-03; Fisher’s exact test; Tables S6
and S7), and confirming that our method is valid for its
purpose. The inclusion of exome data of two large DDD-
studies in both the DDG2P gene list and the ID/DD cohort
of this study could introduce a potential bias."” To exclude
such bias, we repeated this analysis while excluding the
DDD-specific genes identified in the two exome studies
yielding a significant enrichment (p = 3.68E-02; Table
S7A-S87C).

We also identified three genes with clustered de novo
missense mutations that have not yet been implicated in
ID/DD: ACTL6B (MIM:612458), GABBR2 (MIM:607340),
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Figure 1. Examples of Identified Genes
with Clustering Mutations

Protein domains are annotated based on
Pfam HMM search.”® cDNA locations of
de novo missense mutations are depicted
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by blue pins. Genes shown here are as
follows: SMAD4 (A), CDK13 (B), PACS2
(C). Figures visualizing the clustering of
de novo missense mutations in the other
12 genes are provided in Figures S1-S15.
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for FGFR2 (MIM 176943) mutations
in Apert syndrome (MIM 101200).°°
However, biological relevance for the
mutations in the identified genes in
the context of ID/DD is suggested by
the fact that in our control cohort
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and PACS2 (MIM:610423). None of these genes would have
been identified based on an enrichment for de novo muta-
tions in this cohort (Table S8). Further systematic
evaluation of gene function supports arole in (neuro)devel-
opment for two of these genes (Table 2 and Table S9).
ACTL6B, encoding Actin-like 6B (also known as BAF53B),
is a pivotal co-factor for the SWI/SNF neuron-specific
chromatin remodeling complex nBAF, which is required
for neural development and dendritic outgrowth.””?®
Also, GABBR2, which is a component of the G protein-
coupled GABA receptor, plays a critical role in the fine-tun-
ing of inhibitory synaptic transmission,”*~*' and other
members of the GABA receptor family have already been
conclusively linked to neurodevelopmental disorders.***?
GABBR2 was very recently also reported by others to show
significant de novo mutation clustering in a neurodevelop-
mental cohort.®

Our method might potentially identify clustering based
on identical mutations in multiple individuals only as a
result of issues in the underlying cohort. It could for
instance be that the same individual was included in multi-
ple studies and therefore occurs twice in the cohort. For 99
out of 107 de novo missense mutations (92.5%) occurring
in the 15 genes with clustering mutations, we could deci-
sively conclude that they occurred as unique events in sepa-
rate individuals based on a combination of the gender of the
affected individual and the presence of additional de novo
mutations (Table S10). Nevertheless, it might be possible
that siblings of affected individuals were included who
share a DNM due to parental gonadal mosaicism.** Alterna-
tively, DNMs might occur multiple times in disease cohorts
asaconsequence of alocally increased mutation rate. Exam-
ples of the latter might for instance incur a selective growth
advantage (i.e., selfish mutations®’) and thereby result
in a pattern of mutational clustering such as known

T 1
2500 2715

absent, and that for the majority of
our identified genes experimental
evidence in literature supports a NHI
mutational mechanism (Table S11).

We hypothesized that the clustering de novo missense
mutations of the 15 genes might exert their effects through
mechanisms other than haploinsufficiency. To validate this
hypothesis, we compiled a set of 116 genes known for
mutations that exert disease through non-haploinsuffi-
cient (NHI) mechanisms. Hereto, we selected for genes
that have a “confirmed” status in the DDG2P list, or are pre-
sent on both the Radboudumc ID/DD diagnostic testing
and DDG2P lists (irrespective of the DDG2P status).
Furthermore, genes were selected to be dominant (mono-
allelic), with the pathophysiological mechanism being
either “activating,” “all missense/in frame,” and/or “domi-
nant negative” (Table S12). In addition, we generated a set
of 183 haploinsufficient genes for which mutations are
associated with ID/DD from the DDG2P gene list by select-
ing “loss-of-function” as the “mutation consequence” and
“mono-allelic” for the “allelic requirement” in the DDG2P
gene list (Table S13).

Interestingly, for eight of the 12 genes for which muta-
tions are known to cause ID/DD and for which we identi-
fied mutation clustering, the disease mechanism on the
constructed gene list was reported to be NHI. For these
eight genes, it is either gain-of-function or dominant
negative, thereby showing statistical enrichment for NHI
mechanisms (p = 2.66E-03, Fisher’s exact test; Table S14
and S15). For two of the three remaining genes (GRIN2B
[MIM 138252] and SMAD4 [MIM 600993]) both HI and
NHI consequences have been reported,*? suggesting
that for mutations in these genes more complex geno-
type-phenotype relations might exist, where HI and NHI
mechanisms cause clinically distinct ID/DD-related disor-
ders. For KCNQ2 (MIM 602235), the reported mutational
mechanism is HI although a literature search also revealed
cases with dominant-negative effects.*” We also investi-
gated the extent of the evidence for NHI mechanisms
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Table 2. Gene Function for Candidate Genes with Clustered Mutations

Gene Name Summary of Gene Function Interactions

ACTL6B Belongs to the neuron-specific chromatin remodeling complex Complex formation with ACTB, ARID1A, SMARCA2,
(nBAF complex) and is required for postmitotic neural SMARCA4, SMARCE1, SMARCC1, SMARCC2, SMARCD?2,
development and dendritic outgrowth. SMARCB1

GABBR2 Postsynaptic GABAB receptor activity regulates excitatory Heterodimerization is required for the formation of a
neuronal architecture and spatial memory. functional GABA-B receptor.

PACS2 Multifunctional sorting protein, controling endoplasmic N/A

reticulum-mitochondria communication and Bid-mediated

apoptosis.

Third column indicates whether the encoded protein has physical interactions with other proteins. See Table S9 for extended information.

and found that extensive functional work of mutations
supporting NHI mechanisms has been previously pub-
lished for eight of the 12 known genes (Table S11).

Further we hypothesized that NHI genes should be
depleted for truncating mutations in individuals with
ID/DD, i.e., mutations resulting in premature translation
termination, whereby the mRNA is targeted for nonsense
mediated decay. In our initial analyses focusing on de
novo missense mutations only, we excluded truncating
mutations from our dataset. Retrospectively, we searched
for truncating DNMs in the 15 identified genes with clus-
tering de novo missense mutations. We found only three
predicted truncating mutations in two of 15 genes, which
is significantly less than expected based on the total num-
ber of DNMs found in the total cohort for all HI genes
(p<1.00e-05; Permutation test).

We have previously hypothesized that genes with muta-
tions acting through NHI mechanisms might be more
intolerant to normal variation than genes with mutations
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Figure 2. Intolerance to Missense Variation

Violin plots show the distribution of the gene-based dy /ds (y axis)
per gene set (x axis). The median dy/ds is indicated by a red hori-
zontal line. The NHI genes are more intolerant to missense varia-
tion than HI genes (HI genes median: 0.460; NHI genes median:
0.428; p = 2.24e-03). In addition, the identified genes with clus-
tering mutations are more intolerant to missense variation than
HI genes (genes with clustering mutations median: 0.352; p =
8.45e-03).

acting though a HI mechanism for ID/DD.® To test for
tolerance to variation, existing scores like pLI'® are not
useful because these capture tolerance to mRNA truncating
variation rather than tolerance to variation in general.
Therefore, we measured tolerance to variation as the ratio
of missense over synonymous variation “dy/ds,” which
has been used by us and others previously for predicting
disease genes.”*!*> We downloaded all PASS-filtered single
nucleotide variants (SNVs) from ExAC (n = 9,035,134)
and constructed a “dy/ds” measure by counting the
unique missense SNVs missense,ps, and the unique synony-
mous SNVs synonymous,s, while correcting for sequence
composition using the total possible unique missense and
synonymous SNVs (missense,, and synonymousy, respec-
tively): dy/ds = ((missensegys /missenseyg)/(Synonymous s/
synonymousy,)) (Table 516).

Based on calculations of these scores for the sets of 116
NHI, and 183 HI genes, we indeed find that genes with
mutations acting through a NHI mechanism are signifi-
cantly more intolerant to missense variation than genes
with mutations acting though a HI mechanism (p =
2.24e-03; permutation test, Figure 2). In line with our hy-
pothesis, also our set of 15 genes with clustered DNMs
was significantly less tolerant to missense variation
compared to the set of 183 genes with mutations acting
through a HI mechanism (p = 8.45e-03; permutation
test, Figure 2).

Modeling of missense mutations in a 3D protein struc-
ture is helpful to gain more insight into the possible struc-
tural and functional effects.**> Conceptually, mutations in
the core of the protein structure are more likely to prevent
proper folding than mutations on the protein surface.**
The impact of a surface change, however, depends entirely
on the spatial context and is therefore less likely to result in
misfolding and subsequent protein degradation.*> Conse-
quently, de novo disease-causing missense mutations pre-
venting proper folding cause protein degradation, and
thus indirectly lead to HI, similar to protein truncating mu-
tations in such genes. To test the hypothesis that our clus-
tered de novo missense mutations do not generally result
in HI due to protein misfolding, we modeled mutations
onto the 3D protein structure using YASARA & WHAT IF
Twinset.*>*” A (partial) protein 3D structure was available
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Figure 3.

Examples of Modeling of Missense Mutations on 3D Protein Structures

Wild-type residues are marked in blue; de novo mutations are indicated as red globes or lines (Tables S17).
(A) 3D structure of GNA1, acting through HI, showing that the modeled missense mutations are buried and likely to disrupt protein folding.
(B) Structure of PPP2R5D, acting through NHI, where the modeled missense mutations affect mostly surface residues and are expected to

have no or only local structural effects.

(C) Zoom-in of known missense variants p.Arg496Cys and p.lle500Val in SMAD4 known to act through a gain-of-function mechanism.
These variants are located on the surface of the monomer and in contact with another SMAD4 monomer.*®
(D) Zoom-in of the missense variant p.Gly343Arg in ACTL6B which is located at the surface. The side-chain points toward the solvent,

therefore the larger Arginine will fit.

(E) Zoom-in of the missense variant p.Pro65Leu in PCGF2 close to the interaction site with other molecules.

or could be created via homology modeling” for 10 of the
15 identified genes. We assessed 48 missense mutations
on the 3D structure (i.e., buried, at the surface, or semi-
buried) and whether the mutation was likely to affect
protein folding (no effect, local effect, or large effect;
Figure 3, Table S17). To compare the results of 3D modeling
of clustered mutations, we also modeled 75 de novo dis-
ease-causing missense mutations in 25 genes with muta-
tions acting though HI (Table S13) for which a structure
was available (Table S17). For the HI genes, 42% of
missense mutations were buried and 34% of mutations
were located at the protein surface. In the 10 genes for
which a mutational NHI effect is proposed, only 11% of
mutations was buried whereas 61% was located at the
protein surface (p = 1.26E-03, chi-square test; Table S17).
Even more strikingly, only 19% of the clustering de novo
missense mutations were likely to result in a large structural
change that would affect protein function whereas this was
observed for 63% of de novo missense mutations in HI
genes (p = 8.43E-06, chi-square test). These results support

the notion that the majority of clustered de novo disease-
causing missense mutations do not result in haploinsuffi-
ciency at the protein structure level, but exert their effect
through other mechanisms. Possibly this could be through
the functional impairment of protein-protein interactions,
as we noted that two of the three candidate ID/DD-associ-
ated genes require complex formation or joining of protein
subunits (e.g., multimerization) to be functional (Table 2).

In conclusion, we developed a method for the identifica-
tion of disease-associated genes based on the significance
of spatial mutation clustering within a gene. We show
that our method successfully identifies genes previously
implicated in ID/DD. Moreover, we identified three genes
with similar clustering patterns that we propose as candi-
date ID/DD-associated genes. Our findings support the
concept that these mutations mostly exert their patho-
genic effect through disease mechanisms other than
haploinsufficiency. Thus, our findings might indicate a
larger contribution of non-haploinsufficient mechanisms
to ID/DD than previously thought.
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Supplemental Data

Supplemental Data include 16 figures and 17 tables and can be
found with this article online at http://dx.doi.org/10.1016/j.
ajhg.2017.08.004.
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gene2phenotype, http://www.ebi.ac.uk/gene2phenotype/down
loads

Genome Diagnostics Gene List: https://www2.radboudumc.nl/
Informatievoorverwijzers/Genoomdiagnostiek/en/Pages/Intel
lectualdisability.aspx

OMIM, http://www.omim.org/
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Supplemental Figures

de novo missense variants for ACTL6B
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Figure S1 Schematic representation of ACTL6B (ENST00000160382). The

locations of the missense de novo variants are indicated by blue pins. Recurrent

de novo missense mutations are indicated by stacked blue pins. Protein domains

are annotated based on Pfam HMM search! and are illustrated by colored

squares.

de novo missense variants for ALG13
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Figure S2 Schematic representation of ALG13 (ENST00000394780). The

locations of the missense de novo variants are indicated by blue pins. Recurrent

de novo missense mutations are indicated by stacked blue pins. Protein domains

are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for CDK13
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Figure S3 Schematic representation of CDK13 (ENST00000181839). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.
de novo missense variants for COL4A3BP
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Figure S4 Schematic representation of COL4A3BP (ENST00000380494). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for GABBR2
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Figure S5 Schematic representation of GABBRZ2 (ENST00000259455). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains

are annotated based on Pfam HMM search! and are illustrated by colored

squares.
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Figure S6 Schematic representation of GRIN2B (ENST00000609686). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for KCNH1
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Figure S7 Schematic representation of KCNH1 (ENST00000271751). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.
de novo missense variants for KCNQ2
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Figure S8 Schematic representation of KCNQ2 (ENST00000354587). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for KIF5C
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Figure S9 Schematic representation of KIF5C (ENST00000435030). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.

de novo missense variants for PACS1
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Figure S10 Schematic representation of PACS1 (ENST00000320580). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for PACS2
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Figure S11 Schematic representation of PACSZ2 (ENST00000458164). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.

de novo missense variants for PCGF2
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Figure S12 Schematic representation of PCGF2 (ENST00000360797). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for PPP2R1A
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Figure S13 Schematic representation of PPPZR1A (ENST00000322088). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.

de novo missense variants for PPP2R5D
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Figure S14 Schematic representation of PPPZR5D (ENST00000485511). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.



de novo missense variants for SMAD4
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Figure S15 Schematic representation of SMAD4 (ENST00000398417). The
locations of the missense de novo variants are indicated by blue pins. Recurrent
de novo missense mutations are indicated by stacked blue pins. Protein domains
are annotated based on Pfam HMM search! and are illustrated by colored

squares.
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Figure S16. number of missense variants and the extend of clustering. We
have studied the possibility of a correlation between the number of missense
variants and the extend of clustering. Hereto, we have analysed a much larger set
of 6,154 de novo missense variants from various patient cohorts present in the
denovo-db version 1.32 (other than the five selected ID/DD cohorts presented in
this manuscript). The variants were filtered as described in Table S1. Correlation
analysis (Kendall rank correlation coefficient) between the number of de novo
missense variants per gene (x-axis) and the corresponding p-values based on the
spatial clustering signal (y-axis) yielded a correlation coefficient of -0.04

indicating there is no correlation.



Supplemental Tables

Number of variants remaining
Column name

ID and DD set Control set
Unfiltered
9,770 35,632
Variants in coding regions
and canonical splice-sites (*2
9,202 2,749
bp)
EXAC number of
heterozygous variants less
than 2 and no homozygous 6,495 1,961
variants.
Variant identified in exome
of genome sequencing study 6,495 1,948

Table S1. Filtering of de novo mutations used in study. Overview of filters
that were applied to specific columns of the annotated de novo variants used in
the analysis (left column). The middle and right columns indicate the number of

variants left after the filtering for the ID and DD set and control set respectively.



Study Trios Disorder Coding Missense LoF
McRae et al.3 4,293 DD 5,375 3,375 961
Lelieveld et al. 4 820 ID 948 579 177
de Ligt et al5 100 ID 56 35 10
51 ID 90 54 31
Rauch et al.®
Halvardson et al.” 38 ID/EE 26 18 4
Total 5,302 6,495 4,061 1,183

Table S2. Dataset composition of intellectual disability and developmental

disorders cohort (ID + DD). Columns indicate (from left to right), the study

reference, number of trios included from the study, the disorder that was studied

(DD= Developmental disorders, ID = Intellectual disability and EE = Epileptic

Encephalopathies), and the number of coding, missense and loss-of-function de

novo mutations after filtering. 2Including 100 de novo mutations (median GATK

quality score of 241) not included in the original publication.



Study Trios Disorder Coding Missense LoF
lossifov et al.8 1,267 805 139
1.786 Sibs. (ASD)

Krumm et al.% 323 220 30
GONL10 250 Control 102 67 5
Turner et al.11 43 Sibs. (ASD) 28 18 1
Gulsuner et al.12 84 Sibs. (SCZ) 50 28 9
Besenbacher et al.13b 283 Control 178 135 15

Total 2,448 1,948 1,273 199

Table S3. Dataset composition of cohort of healthy controls (Control).
Columns (from left to right) indicate the reference to the studies, number of trios
that were included from the study, the disorder that was studied (Sibs. = siblings,
ASD = Autism spectrum disorder and SCZ = Schizophrenia), the number of
coding, missense and loss-of-function de novo mutations that were included
from the study. @aThe study by Krumm et al’. performed a re-analysis on existing
data of lossifov et al. PVariants in the study of Besenbacher et al.Z3 are annotated

to reference genome HG18. We used LiftOver to convert the HG18 coordinates to

HG19 coordinates (See .web resources).



Gene Miss. Avg.
Gene ID p-value Adj. p-value

name DNMs distance
SYNE1 ENST00000367255.5 2 36 0.0027 1
TMPRSS15 ENST00000284885.3 2 9 0.0061 1
MAPKS8 ENST00000374189.1 2 6 0.0101 1
FAT4 ENST00000394329.3 2 86 0.0116 1
SPOCK3 ENST00000357154.3 2 14 0.0220 1
PRPS2 ENST00000398491.2 2 15 0.0299 1

Table S4. Results from clustering analysis on the control cohort. Columns

from left to right indicate the gene name, used GENCODE gene identifier, number

of de novo missense variants, average distance between de novo variants,

permutations test based p-value and Bonferroni corrected p-value. None of the

genes reach statistical significance after multiple testing correction.



Table S5. List of known genes involved in intellectual disability and

developmental disorders

External file: table_S5_known_DD_genes.xls



Table S6. List of identified clustering mutations

External file: table_S6_dnm_clustering_genes.xls



Genes with sig. cluster Other genes total

Known ID/DD genes 12 187 199
Other genes 3 381 384
total 15 568 583

Table S7A. Enrichment of genes have previously been implicated in ID/DD.

Data used to calculate statistical enrichment of genes associated to ID/DD based
on the associated ID/DD genes on the combined list of the DDG2P and RUMC.
The dataset contained in total 583 genes that were recurrently mutated of which
15 genes contained clustering de novo variants. 13 of the 15 genes were
associated to ID/DD. Enrichment was tested with a two-sided Fisher’s Exact test

and yielded a significant p-value of 3.09E-04.

Genes with sig. cluster Other genes total

Known ID/DD genes 11 162 173
Other genes 4 406 410
total 15 568 583

Table S7B. Enrichment of genes have previously been implicated in ID/DD

solely on RUMC diagnostis list.

Data used to calculate statistical enrichment of genes associated to ID/DD based
on the associated ID/DD genes solely on the RUMC list (see web resources).
Enrichment was tested with a two-sided Fisher’s Exact test and yielded a

significant p-value of 5.13E-04.



Genes with sig. cluster Other genes total

Known ID/DD genes 8 153 161
Other genes 7 415 422
total 15 568 583

Table S7C. Enrichment of genes have previously been implicated in ID/DD

excluding two large DDD exome studies.

To completely remove the weight of the DDD exomes we have extended the

enrichment test by excluding a set of genes based on the following criteria:

1. Novel genes enriched for de novo mutations found in the two large scale

exome data studies of the DDD3; 14

2. Complement to the genes found enriched for de novo variants in Lelieveld

etal *

Analysis via a two-sided Fisher’s Exact test yielded a significant P-value of 3.68E-

02



Gene name De novo missense p-value Adj. p-value
ACTL6B 3 8.48E-04 1
ALG13 3 3.66E-03 1
CDK13 12 4.34E-14 7.93E-10
COL4A3BP 6 1.28E-07 2.33E-03
GABBRZ2 3 6.82E-03 1
GRINZB 11 4.22E-11 7.71E-07
KCNH1 7 1.36E-07 2.49E-03
KCNQ2 20 3.60E-28 6.59E-24
KIF5C 3 3.22E-03 1
PACS1 9 1.95E-10 3.57E-06
PACS2 3 5.88E-03 1
PCGF2 3 2.99E-04 1
PPP2R1A 4 9.88E-05 1
PPP2R5D 16 2.89E-24 5.28E-20
SMAD4 4 4.40E-05 8.04E-01

Table S8. Statistical significance of enrichment for de novo mutations for
all identified genes. P-values are calculated based on Gene Specific Mutation
Rates from Samocha et al.’> and corrected for multiple testing by the Bonferroni
correction (for 19,280 genes). Only some of the previously known genes reached
statistical significance. Genes identified by our clustering analysis would not
have been identified as candidate genes based on a statistical approach for the

enrichment of de novo mutations.



Table S9. Known functions of identified genes

External file: table_S9_known_function_of_identified_genes.xlsx



Table S10: Overview of de novo variants found per individual

External file: table_S10_overview_all DNM_per_sample_clustering genes.xlsx



Table S11. Overview of literature supporting a NHI mechanism

External file: table_S11_overview_literature_study_known_NHI_genes.xlsx



Table S12. List of non-haploinsufficient genes involved in intellectual

disability and developmental disorders

External file: table_S12_List_of NHI_genes_involved_in_id_dd.xlsx



Table S13. List of haploinsufficient genes involved in intellectual disability

and developmental disorders

External file: table_S13_List_of_HI_genes_involved_in_id_dd.xlsx



Gene name Allelic requirement mutation consequence

ALG13 x-linked dominant all missense/in frame

CDK13 monoallelic all missense/in frame

COL4A3BP monoallelic activating

GRIN2B? monoallelic loss of function / all missense/in frame
KCNH1 monoallelic activating

KCNQ2 monoallelic loss of function

KIF5C monoallelic all missense/in frame

PACS1 monoallelic activating

PCGF2 monoallelic activating

PPP2RIA monoallelic dominant negative

PPP2R5D monoallelic dominant negative

SMAD44 monoallelic loss of function / all missense/in frame

Table S14. Identified known genes and their mutational consequence.
Allelic requirement and mutational consequence according to DDG2P. 2ln the

statistical analysis we excluded genes for reasons mentioned in the main text.



Higenes | NHI genes Total
Genes with significant cluster | 1 8 9
Other genes 182 108 290
Total 183 116 299

Table S15. Enrichment of genes based on their mutational consequence.
Statistical enrichment testing of disease mechanisms of the genes identified in
this study. Of the 15 identified genes, 9 are annotated with a disease mechanism
after filtering based on the DDG2P and RUMC lists. Analysis via Fisher’s Exact

test yielded a significant P-value of 2.66E-03.



Table S16. Tolerance scores based on dn/ds ratios for all human genes

External file: table_S16_Dn_ds_ratios_for_all_human_genes.xls



Table S17. HI and NHI DNMs analysed to protein structures

External file: table_S17_DNMs_in_protein_structures.xlsx



Supplemental web resources

DDG2P: https://www.ebi.ac.uk/gene2phenotype/downloads

RUMC Genome diagnostics gene list:

https://www2.radboudumc.nl/Informatievoorverwijzers/Genoomdiagnostiek/e

n/Pages/Intellectualdisability.aspx

Lift Over tool: https://genome.ucsc.edu/cgi-bin/hgLiftOver
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