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Supplementary Materials:

Materials and Methods:

Design of molecular inversion probes. The general format for the molecular inversion probes
(MIPs) used here is a common 30 bp linker flanked by an extension arm of 16 to 20 bp and a
ligation arm of 20 to 24 bp (total MIP length always equals 70 bp). The unique arms of each MIP
target a specific 112 bp genomic region for a gap-fill and circularization. A post-capture PCR
amplification with primers corresponding to the common linker is used to append the Illumina
sequencing adaptors (Illumina, San Diego, CA) and sample-specific barcodes. Analysis of a
55,000 MIP capture reaction previously revealed significant variation in individual probe capture
efficiency (7). A predictor of capture efficiency based on the theoretical melting temperature (24)
of probe targeting arms was trained on these empirical data and used to stratify potential MIP
designs into one of three predicted performance categories (high, medium, and low) based on
their extension and ligation arm sequences (fig. S1). MIPs for a given target region were chosen
iteratively from the 5' to 3' end of the target region optimizing for predicted capture efficiency
while minimizing the number of probes. First, a predicted high-capture efficiency MIP
overlapping the 5' end of the target region with at least 50% of its gap-fill sequence is chosen.
Each successive MIP is chosen to satisfy the following criteria in order of priority: 1) resides on
the opposite strand as the previous MIP, 2) has <50% insert overlap with the previously selected
MIP, 3) is a predicted high performer, 4) has minimal overlap with the previous MIP, 5) avoids
single nucleotide variants (SNVs) from dbSNP in the targeting arms, and 6) avoids regions of
high copy number (>10) in the reference genome. If no suitable MIPs can be picked due to SNVs,
the MIPs were designed against both alleles. Read depth results from a 300,000 MIP experiment
designed to cover the exome showed that the tetra-nucleotide sequence immediately 5' of the
ligation junction had ~15-fold effect on probe capture efficiency. Therefore, MIPs containing a
4-mer in the bottom quartile of mean depth performance were excluded from future designs.
Relevant scripts are available at http://krishna.gs.washington.edu/mip_pipeline/.

ASDI MIPs were designed against the hgl8 human genome reference using dbSNP129 to
identity polymorphisms that might interfere with capture. All other MIP sets were designed using
hg19 and dbSNP132.

Probes pooling and 5' phosphorylation. Individual MIPs were column synthesized as 70-mer
oligonucleotides at the 25 nanomole scale and hydrated to 100 uM in IDTE (1X TE Buffer), pH
8.0 (Integrated DNA Technologies, Coralville, IA). For initial testing, probes were pooled at
equimolar concentrations. Phosphorylations were performed in 1X T4 DNA ligase buffer with
10mM ATP (New England Biolabs (NEB), Ipswich, MA) and 100-200 units of T4
Polynucleotide Kinase (PNK) (NEB), incubating the reaction at 37°C for 45 min and then at
65°C for 20 min.

Multiplex capture of targeted sequences. Hybridization of MIPs to genomic DNA, gap filling,
and ligation were performed in one 25 pl reaction of 1X Ampligase buffer (Epicentre, Madison,
WI), with 50-120 ng of genomic DNA, the corresponding amount of MIPs to obey the ratio of
200 or 800 MIP copies to one haploid genome copy, 0.16-0.32 uM dNTPs, 0.4 units of Taq
Stoffel Fragment (Applied Biosystems, Carlsbad, CA), and one unit of Ampligase (Epicentre).
Reactions were incubated at 95°C for 10 min and at 60°C for 22-48 h. To degrade linear DNA,
we added 2 pl of exonuclease mix (containing 10 units of exonuclease I (NEB) and 50 units of



exonuclease III (NEB) in 1X Ampligase buffer) and incubated the reaction at 37°C for 30-45
min and then at 95°C for 2 min.

Amplification of capture circles and library barcoding. We amplified the captured DNA by
performing PCR in a 25-50 pl reaction using 5 pl of capture reaction, 0.5 uM
SLXA PE MIPBC FOR common primer (table S4), 0.5 uM different barcoded primer for each
sample, and 1X iProof HF Master Mix (Bio-Rad, Hercules, CA) at 98°C for 30 s, X cycles of
98°C for 10 s, 60°C for 30 s, 72°C for 30 s, and finally 72°C for 2 min, where X was defined
using a real-time PCR to determine the point at which the reaction plateaus.

Clean-up and pooling for Illumina sequencing. We pooled 5 pl of ~96 different libraries
together and purified the pools with 1.8X AMPure XP beads (Beckman Coulter, Brea, CA) using
the standard protocol. Libraries with excessive off-target captures were purified with an
alternative protocol using 0.8X AMPure XP beads. Libraries were resuspended in 100 ul of 1X
EB (Qiagen, Valencia, CA). We visualized the libraries on a 6% nondenaturing polyacrylamide
gel as a control checkpoint and quantified each pool using a Nanodrop 1000. Multiple libraries
were combined to create final megapools of 192-384 individual capture reactions. One lane of
101 bp paired-end reads was generated for each mega-pool on an Illumina HiSeq 2000 according
to manufacturer’s instructions. During confirmations, some parent captures were run on an
[llumina MiSeq using the same protocol.

SNV calling, sensitivity, and positive predictive value (PPV). We evaluated MIP performance
on a set of DNA samples from Joubert syndrome (JS) patients that had previously been Sanger
sequenced at selected loci. We designed MIPs targeting 26 genes (1,429 probes, 86.4 kb target),
including 16 known loci. We tested the uniformity of this set and then rebalanced by increasing
the relative concentration of the bottom 16% of performers (235/1,429) by 10-fold. We then
captured a set of 384 samples, including 350 JS affected samples (341 individuals with 9
technical replicates), 10 JS-like/Meckel-Gruber syndrome (MKS) samples, and 24 controls. Of
these, 121 had bi-directional Sanger sequencing for at least a subset of the targeted genes. Our
comparison of Sanger-based variant calls and MIP-based variant calls focused specifically on
sites of rare variation, i.e., those present at a minor allele frequency (MAF) of <5% in the cohort,
as the discovery of rare variation is the most likely application of resequencing (furthermore,
common sites were not tracked in the available Sanger data).

Variants were called as previously described (3), but at relaxed coverage and quality
thresholds. We evaluated MIP-based variant calling with a range of heuristic-based thresholds
(table S6). Discordant and ambiguous Sanger-based variant calls were re-evaluated by
performing an additional Sanger-based validation to establish a firm “gold-standard” truth set of
205 variant calls for which we calculated sensitivity (recall) and PPV (precision) with each
heuristic. We then evaluated overlap performance using two F-measure formulas for either equal
weighting of sensitivity (F1) and PPV or twice the weight for sensitivity (F2).

Copy number variant (CNV) calling, sensitivity, and PPV. We sought to assess whether
relative read depth could be used to identify CNVs as has previously been demonstrated for MIP
protocols directed at genotyping rather than exon capture (25). To this end, we designed MIPs
targeting 32 epilepsy genes (1,325 probes, 86.5 kb target). The bottom 11% of the probes were
rebalanced at a 10-fold greater concentration. After rebalancing, we captured and sequenced 380
samples, of which a subset (n = 15) were captured in duplicate and contained previously detected



CNVs. We normalized the read depth of each MIP to overall read depth and converted these
values to standardized Z-scores. Low performing (median coverage <20X) or excessively noisy
probes (relative standard deviation >25%) were removed. Only autosomal probes were
considered. Samples with call rates greater than 10 standard deviations from the mean were
removed, leaving 357 samples (including 14 duplicates). Similar to the CoNIFER method
developed for exomes (26), we used singular value decomposition (SVD) to remove systematic
noise. However, because the matrix was overrepresented for true signal events, only a single
noise component was removed.

We used a sliding window caller to find regions with mean SVD adjusted Z-scores >=2.5 or
<=-2.5. We then adjusted the window and minimum average SVD adjusted Z-score parameters
to generate sensitivity and PPV estimates (fig. S6 and table S9).

All captures from ASD2 were called as above removing 20 SVD components. Calls with
seven or more calls were considered. All proband calls were examined in independent array data,
finding support for three out of four events (figs. S11-12).

Samples. For MIP capture, all ASD probands (n = 2,494) and related family member samples
came from the Simons Simplex Collection (SSC). Detailed information on available phenotypes
and inclusion criteria are available (https://base.sfari.org). The primary DNA source was whole
blood; however, when not available, cell line pellet or spit-derived DNA was used. European-
American ancestry healthy (non-ASD) individuals (n = 768) were obtained from the National
Institute for Mental Health (NIMH) (https://www.nimhgenetics.org/available data/controls/).
The DNA source for all NIMH samples was cell line pellet derived.

Variant filtering annotation and confirmation. Initial 101 bp paired-end reads were trimmed
to 76 bp for SNV calling. This avoided double counting of overlapping sequence and use of
lower quality data from the end of reads. The full 101 bp reads were used for additional indel
calling, as the read overlap can resolve insertions or deletions at the read junction and complex
events, which might otherwise not align. Reads were mapped and consensus sequences called as
in (3). ASD1 was mapped to hgl8, while ASD2 and ASD1/2 captures were mapped to hgl9.
Missense variants were stringently filtered (>=25X coverage; >=Q30 quality; allele balance
=<0.75). Due to their reduced number and potential high impact, we used a more relaxed filter
for nonsense and splice variants (>=8X coverage; >=Q30 quality; allele balance =<0.75). All
candidate truncation sites in probands and NIMH samples were confirmed by Sanger sequencing.
Indel variants were called and filtered to those with at least eight reads and 25% support of the
variant allele from both 76 and 101 bp reads.

To identify potential de novo events in probands, we filtered this call set against 1,779
exomes sequenced at the University of Washington and also removed recurrent variant sites
present in the MIP call set. Rare disruptive sites (missense, nonsense, splice-site, and indel) were
tested for inherited versus de novo status by MIP-based resequencing of their parents using either
the full probe set or subsets of probes targeting rare variant sites. Variants that appeared de novo
or failed parental capture were further validated with PCR and Sanger sequencing. Overall, we
validated 97.7% (606/620) of the candidate sites as bona fide inherited variants (n = 579;
validated by MIP- and/or Sanger-based sequencing of the parent-child trio) or de novo mutations
(n = 27; validated by Sanger-based sequencing of the parent-child trio). Paternity was confirmed
by tabulating Mendelian violations using very high-quality variant sites identified in the proband



(50X, Q100, allele balance <=0.7) across sequence data from all probes. Positions of domains
(23) and mutations in the context of the protein structure were generated using DOG 1.0 (27).

Uniformity and target coverage. Uniformity and target coverage were calculated using

trimmed 76 bp paired-end reads. Uniformity plots were generated from six sample captures.

Read counts for each MIP were normalized by total reads mapped, averaged, and sorted in

descending order. LoglO plots of the ranked uniformity were examined to identify poor

performers, i.e., those at ~2 orders of magnitude lower abundance. For each probe set, the “target”
was defined as the collapsed exon coding sequence for all RefSeq isoforms for each gene symbol

and an additional 2 bp flanking the start and stop of each exon.

Protein-protein interaction (PPI) network reconstruction and null model estimation. PPI
interactions were evaluated as in (3) using the severe proband de novo variants identified in the
University of Washington (209 trios) (3) and Yale (225 trios) (4) SSC data sets. In total, 201
gene products were evaluated: 121 unique to University of Washington, 75 unique to Yale, and 5
in common (figs. S8-9).

Recurrent mutation analysis. We developed a probabilistic model that incorporates the overall
rate of mutation in coding sequences, estimates of relative locus-specific rates based on human-
chimpanzee fixed differences in each gene’s coding and splice sequences, and other factors that
may influence the distribution of mutation classes, e.g., codon structure. We used this model to
define a matrix of weights reflecting the relative probability of observing mutations of each type
(i.e., missense, nonsense, canonical splice-site, or indel) in each gene. In each of 500 million
simulations, we applied these weights by randomly placing 2,172 simulated mutations into
19,008 genes across the exome using the multinomial distribution. We then estimated (from the
500 million simulations) the probability of observing X or more total events of which Y or more
were nonsense, splice-site, or indels (“frunc”) in any given gene (Fig. 2A). Importantly, the
initial exome mutations (2, 3) were excluded from the observed counts.

The number of mutations in each simulation (n = 2,172) was based on the rate of protein-
disrupting de novo events that we previously observed exome-wide (192 events in 209 probands,
or 0.9187 events per proband) (3) and the number of probands screened exclusively by MIPs (n
=2,364).

To define the overall rate and mutation class weights for each gene, we first defined weights
for each base position. All possible amino acid changes and the location of splice-sites for each
RefSeq (hg 19) isoform were annotated for the 19,008 genes. Next, we calculated specific
weights for observing different types of mutation events in each gene. These initial weights
consisted of three components:

1) Locus-specific substitution rate, wg, calculated from human and chimpanzee alignments
as in (3). Only coding sequences (including splice-sites) were considered. For genes
without an estimate or with an estimate of 0, we assumed a background rate of 1x107'?
per generation.

2) Relative substitution rate for point mutation, w,. Time-reversibility was assumed in the
substitution models (28). Factors, such as nucleotide composition (w,) and
transition/transversion ratios (#i/tv) for different mutation classes (Wr 1) Were considered,
i'e" Wy =w, X WF,n'/tv'



The nucleotide-specific substitution rates were defined for the reference allele either AT
or GC bases from Lynch (75):

w_ . =0.884

W oo =0.942

For different mutation classes, relative transition substitutions were defined using the
values from Tennessen et al. (29):

Wsynonym(ms,ti =5.60 4 Wmi.&;senseﬁ = 231’ Wnomense,ti = 213 and Wsplice,ti = 169
For transversion substitutions:
Wsynnnymous v = Wmisvense,tv = Wnomense,lv = Wsplice,tv = 1

3) Relative rate for indel mutation, wy. The relative indel rate compared with the substitution
rate in coding regions is estimated as 0.0258 between human and chimpanzee (30). We
defined wy = 0.0258w; for each base without consideration of insertion or deletion
sequence length.

Thus, for each single base b, where the reference allele can be replaced by the other three
nucleotides, the weights for different mutation classes can be calculated as:

Wb,synonymous = E Wg,b Ws,b = E Wg,b Wsynanymous,ti/tv,b Wn,b

Synonymous synonymous

wb,missense = E Wg,bws,b = E Wg,bWmissense,ti/rv,bwn,b

missense missense

wb,nonsense = 2 Wg,bws,b = E wg,bWﬂonsense,ti/rv.bwn,b

nonsense nonsense

For indels, the weight for indel is:

Wb,indel = O 0258Ws = O ‘0258(Wb,synonymous + Wb,missense + Wb,nonsense)

For the special case, where a base is part of the canonical splice-site (e.g., 5’-GT...AG-3’), the
weight for a splice change is:

Wb,splice = E Wg,bws,b = E Wg,bwsplice,ti/rv,bwn,b

splice splice

Otherwise, w, ... =0.

If a base intersected with more than one isoform of a gene, we averaged the weights across
isoforms for different types of mutation events.

With the weights defined for each base position in a gene, the overall gene weights for
different classes of mutation events (i) (i.e., w. w w, and w. ) can be

i synonymous > Wi missense > Wi nonsense > Wi, spiice i indel
obtained by summing the individual base weights. In this study, we focused on the protein-
altering events, so we defined weight for protein-altering events in gene i as:
w +W + W, e F Wiiner

i,protein—altering ~— Wi,mi&vense i,nonsense i,splice



Finally, we normalized the weights across genes such that they sum to 1.

* Wi,protein—ultering

Wi,protein—altering -
Wi,prntein —altering

i

After these normalized protein-altering weights for each gene were obtained, 500 million
simulations were performed to evaluate the significance of the observed number of protein-
altering events in the genes of interest. Specifically, in each simulation, 2,172 simulated protein-
altering events (0.9187 x 2,364) were randomly introduced into 19,008 genes according to the
multinomial distribution, using the normalized protein-altering weights for each gene

) as the priors of the multinomial distribution. As we were interested in

*

( W, protein-aliering
distinguishing between events falling into two classes (namely, a missense class and a more
severe trunc class (nonsense, splice-site disruption and indels)), after a simulated event was
assigned to one gene (e.g., gene i), we used the binomial distribution with the probability of:

w + w.

i,nonsense + Wi,splice i,indel

Wi,protein—a[ﬁering

to assign this event to one of the two classes. Through simulation, we learned the distribution of
2,172 simulated events across the genes and compared this to the observed number of protein-
altering (or severe) events. P-values were calculated for genes of interest based on 500 million
simulations (note: for all robustness analyses, 1 million simulations were conducted).
Specifically, let X X’ y°* y*"denote as the observed and simulated numbers of any

protein-altering (X) or trunc (Y) events for gene i. The p-value for observing X’ or more

protein-altering events can be calculated as:

~ #(Xisim > Xiobs)
500,000,000

Likewise, the p-value for observing X or more protein-altering events, and among them y”

or more severe (trunc) events, can be calculated as:

P B #(Xlwm > Xiobs and Yisim > YiObS)
500,000,000

Analysis of in- versus out-of-network mutations. We calculated the relative expectation of in-
versus out-of-network genes using weights defined for the simulation (0.51). This proportion
effectively takes into account both differences in gene length and locus-specific mutation rates.
We used this value to calculate the binomial probability of observing X or more events in Y
trials. A similar expectation is obtained from only the transcript length (0.52).

Analysis of de novo mutations in unaffected siblings. We intersected the 44-gene candidate list
with de novo calls from 629 unaffected siblings from the SSC (3, 4, 6). This included O’Roak et
al. (n = 50), previously unpublished siblings from families in O’Roak et al. (n = 39), Sanders et
al. (n = 197, note: three duplicate families removed), and lossifov et al. (n = 343). This analysis
identified a missense variant (CNOT4) and a synonymous variant (SESN2), both reported in



Iossifov et al. but not experimentally validated (table S14). We estimated the expected number of
de novo events in the 44 genes by adjusting the parameters of the simulation to consider
sampling 629 individuals.

Phenotype analysis. In order to examine the phenotypic presentation in individuals with
identified mutations, summaries of patient characteristics—including cognitive ability, presence
of comorbid medical and psychiatric disorders, presence of frank dysmorphology, and raw
physical measurements (e.g., head circumference)—were culled from the SSC phenotype data
distributions (SFARI.org) and presented in narrative form. Standardized head circumference
scores (Z-scores) were calculated using norms established by Roche (37) to account for age and
gender. Because there are no generally accepted normative statistics for head circumference in
adults, we extrapolated upward for parents from normative scores at 18 years of age in the Roche
sample. Standardized head circumference of those individuals with mutations of interest (CHDS,
DYRKIA, and PTEN) was compared to the complete sample distribution as well as to other
family members. To account for the small sample sizes of the mutations of interest and the
unequal distributions between groups, a two-sample permutation test with Monte-Carlo
approximation (replications = 10,000, alternative hypothesis = two-sided) of the exact
conditional distribution was calculated following Hothorn (32). Analysis of variance was
calculated to examine differences in head circumference between probands and other family
members. This was calculated using all family members and calculated only comparing probands
to same-sex family members.

Supplementary Online Text:

Capture method, optimization, and performance. We previously demonstrated the feasibility
of "library-free” MIP-based targeted resequencing of ~55,000 exons wusing capture
oligonucleotides that were cost-effectively synthesized on and released from a DNA microarray
(7). However, the method suffered from several critical limitations. (a) Microarray-derived MIPs
are difficult to produce at a scale that would support their use in thousands of samples. (b) The
non-uniform synthesis and amplification of microarray-derived MIPs negatively impacted the
performance of targeted capture. (c) High-quality microarray-derived oligonucleotide libraries
are not yet broadly accessible. We developed a modified workflow that enables cost-effective
capture and sequencing of a limited number of candidate genes across thousands of individuals
(table S1). This method utilizes novel algorithms for MIP design against arbitrary targets (fig.
S1), column-synthesized oligonucleotides, optimized capture steps and conditions, and massive
multiplexing (192 or 384 samples per HiSeq 2000 lane) (Fig. 1A).

We evaluated this workflow by designing 330 MIPs tiling the coding regions of six genes
(ASD1) (330 probes; ~24 kb target sequence) identified as candidates for ASD from the exome
sequencing of 20 parent-child trios (2) (table S4) with an algorithm that exploited the relative
performance of previously evaluated MIP probes (7) to guide selection (/2). Optimization
established a one-step capture protocol requiring 50 ng of genomic DNA as input. After
“rebalancing” the pool of column-synthesized MIPs on the basis of empirically measured capture
efficiency (33), we performed targeted capture and sequencing on 16 parent-child trios that had
previously been exome sequenced (fig. S2). Following PCR amplification with sample-specific

10



barcodes, samples were pooled and sequenced on a fraction of an [llumina GAIIx lane (PE76 + 8
bp index).

Rebalancing brought the relative capture efficiencies for 90% of the MIPs from a 90-fold
range into a 15-fold range (fig. S3A) with an average 896-fold median target coverage and, on
average, 96% of the target covered at >25-fold (fig. S2). Overall, 725/732 (99%) SNVs detected
by exome sequencing were also detected by MIP-based resequencing. The data were also
consistent with a higher sensitivity for the MIP assay (table S5). Additional probes (n = 25)
targeted to poorly captured regions were added to the ASDI set, before capturing additional
samples.

To further assess sensitivity and PPV, we evaluated performance on a set of DNA samples
from the Joubert syndrome (JS) patients that had previously been Sanger sequenced at selected
loci. We designed MIPs targeting 26 genes (1,429 probes; ~86 kb target), including 16 known JS
loci. After rebalancing, we captured and sequenced 384 samples, of which 121 had high-quality
bi-directional Sanger sequencing data available for at least a subset of the targeted genes, in two
Illumina HiSeq lanes (PE101 + 8 bp index) (table S2). We evaluated variant calling under
heuristics focused specifically on sites of low frequency or rare variation (MAF < 5%) (table S6).
Considering all such sites, including those supported by <10 reads, the F1 values (a measure of
accuracy) maximized at 93.7% sensitivity and 98.0% PPV (fig. S4). At sites supported by >10
reads, the F1 values maximized at 99.5% sensitivity and 98.0% PPV (fig. S4).

As the capture efficiencies of individual MIPs are highly reproducible (7, &), we also
assessed whether relative read depth could be used to identify CNVs (25) with MIPs targeting 32
epilepsy genes (1,325 probes; ~87 kb target) (table S2). After rebalancing, we captured and
sequenced 380 samples, of which a subset (n = 15) were captured in duplicate and contained
previously detected CNVs. After normalizing the read depth of each MIP and applying SVD (26),
we used a sliding window caller and minimum calling thresholds. A total of 357 samples
(including 14 duplicates) remained after removing samples with excessive noise (/2), we
confirmed 10 of 14 known sites (table S7), with false negative sites corresponding to regions
without a sufficient number of well-performing probes covering the event (fig. S5, table S8). In
addition, there was strong concordance between replicates (table S7). Although limited by the
number of sites, we applied an approach analogous to SNVs to estimate sensitivity and PPV
under different calling thresholds (fig. S6, table S9) (/2). Using a seven-probe window with a
mean SVD adjusted absolute Z-score greater than or equal to 2.7 and considering all sites in the
MIP target, the sensitivity was 71% and PPV 83% (fig. S6). Excluding the four regions without a
sufficient number of well-performing probes the sensitivity was 100% and PPV 83%. Overall,
these data demonstrate that we can sensitively detect large single exon as well as multi-exon
copy number alterations with a reasonably high sensitivity and PPV (fig. S7).

Supporting Data. We find strong evidence of mutation burden and a significant skew of de novo
mutation events toward severe class mutations. Six genes (CHDS, GRIN2B, DYRKI1A, PTEN,
TBRI1, and TBLIXRI) showed evidence of mutation burden at an alpha of 0.05 after applying a
Holm-Bonferroni correction for multiple testing (Fig. 2A). Notably, three additional in-network
genes—ADNP, ARIDIB, and CTNNBI (f-catenin)—each have a single severe class mutation,
providing suggestive evidence for these genes but insufficient data to account for multiple testing
(uncorrected p < 0.05).
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Several additional analyses support these conclusions. First, although we conservatively used
the highest available empirical estimate of the overall mutation rate in coding sequences (3), the
significance of five of the six implicated genes (all except TBLIXR]) is robust to a doubling of
the estimated mutation rate (as is the significance of the overall burden). Second, the results are
similarly robust to reasonable variations in the estimated locus-specific mutation rates.
Specifically, we performed a bootstrap analysis (n = 1,000) and calculated 95% confidence
intervals (CI) for the locus-specific mutation rate of each of the 44 genes. The upper-limit value
of the 95% CI is, on average, ~1.9-fold higher than the estimated rate (3-fold for the 99"
percentile). We recalculated the probabilities for each of the genes sequenced here using the 95%
CI rates by substituting this rate for a single gene in the simulation, i.e., changing the rate for just
the gene in question. These ranged from 1.5- to 3-fold of the estimated rate (table S13). Results
for five of the six implicated genes were again significant (the exception once more being the
borderline locus 7BLIXRI). Similarly, increasing the locus-specific rate by 2- or 3-fold
(regardless of the CI estimates) showed the same five of six as remaining significant. At 4-fold
(outside of all CI estimates for these genes), four genes are significant (7TBR/ and TBLIXR fail).
At 6-fold, only CHDS8 and DYRKIA are significant. Above 8-fold, only CHDS remains
significant. Finally, we further tested this model using mutation type specific Ti/Tv values from
the published SSC unaffected siblings (synonymous: 4.04, missense: 2.09, nonsense: 2.33,
splice: 2.00) (3, 4, 6) rather than the site-based values from standing variation (29). The results
were equivalent with the same six implicated genes.

We further evaluated the robustness of these results under an alternative model using
empirical estimates of sequence composition-dependent de novo rates estimated from recent
whole-genome data (/6), rather than Ti/Tv rates for different mutation classes. Specifically, we
modified the simulation (item 2, wy.) to use the observed dinucleotide transition and transversion
mutation rates. The CpG dinucleotides were defined based on reference human sequence (hg19).

Rates for non-CpG:

egieer =0.18x107
won-CpGAecigor =1.90 % 107
=8.24x107"
=1.03x10""
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w
w
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Using these rates and the previous framework, we calculated the analogous weights (i.e.,
missense, nonsense, canonical splice-site, or indel) for each base and then each gene (/2). P-
values were calculated for genes of interest based on one million simulations (/2). Again, we
obtained the same six implicated genes, with similar probabilities to the original model (max 2-
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fold change in any direction for any gene). Of note, the results for TBLIXRI, were very slightly
strengthened under this model (p=0.000836 with the dinucleotide model versus p=0.001173 with
original model).

In addition to the simulation data, exome sequencing of 629 unaffected siblings of ASD
probands (including 39 previously unpublished exomes) identified only one nonsynonymous de
novo mutation across all 44 genes (a missense mutation in CNOT4; table S14) (3, 4, 6),
consistent with expectation based on our estimated locus-specific mutation rates (mean expected
missense n = 1.3; mean expected severe class n = 0.16). Finally, in the six implicated genes, no
loss-of-function variants were observed in any of 629 exome-sequenced unaffected siblings, 762
MIP-sequenced non-ASD individuals, or 6,500 exome-sequenced individuals from non-ASD
cohorts (29).

Genotype-phenotype correlations. We examined head size using age and sex normalized head
circumference (HC) Z-scores in individuals with protein-truncation or splice-site mutations (/2)
(Fig. 2B). For CHDS we observed significantly larger head sizes relative to those individuals
screened without CHDS mutations (two-sample permutation test, Z = 3.46, two-sided p = 0.0007,
99% CI for p = 0.0002-0.0017; mean CHDS8 probands HC = 2.24; SD = 0.61; mean overall
proband HC = 0.70; SD = 1.32). Of note, de novo CHDS8 mutations are present in ~2% of
macrocephalic (HC > 2.0) SSC probands (n = 366), suggesting a useful phenotype for patient
subclassification. We also found that individuals with de novo DYRK 1A mutations (n = 3) have
significantly smaller head sizes relative to those individuals without DYRK/A mutations (two-
sample permutation test, Z = -3.65, two-sided p = 0.0005, 99% CI for p = 0.0001-0.0014; mean
DYRKIA probands HC = -2.72; SD = 1.07). Comparison of head size in the context of the
families (Fig. 2C-D, table S17) provides further support for this reciprocal trend with CHDS
disruptive mutations associating with macrocephaly (ANOVA: F(3,25) = 2.0, p = 0.1) and
DYRK1A mutations with microcephaly (ANOVA: F(3,8) = 10.4, p = 0.004). These findings are
consistent with case reports of patients with structural rearrangements and mouse transgenic
models of DYRKIA and CHDS, which implicate these genes as regulators of brain growth (/8-
21). Additionally, macrocephaly was also observed in individuals with de novo and inherited
PTEN mutations (HC range = 1.96-6.13) (22).

Connected biological functions for implicated genes. Five of the six genes with strong support
fall within the previously reported (or expanded) [B-catenin/chromatin remodeling protein
network. The exception, PTEN, has been shown to be mutated in children with macrocephaly, ID,
or ASD (22). A recent report identified a novel role for PTEN in regulating neurogenesis in the
adult mouse hippocampus (34). There have now been several reports linking CHDS to f-
catenin/Wnt regulation and neurodevelopment (35-37). A recent report of a CHDS translocation
patient noted a phenotype consisting of macrocephaly, prominent forehead, and shallow
supraorbital ridges in addition to ASD, consistent with the macrocephaly and autistic features
observed in individuals with point mutations (27). Three patients with large overlapping de novo
deletions at 14q11.2 (including CHDS8) have been reported with shared dysmorphic features,
developmental delay, and cognitive impairment, but apparently no autistic features (38).
Macrocephaly was present in the individual with the smallest deletion encompassing SUPTI6H
and CHDS. TBR1 is a transcription factor reported to regulate several ASD candidate genes in
mouse, including GRIN2B, through interactions with CASK (39). TBRI1 plays a fundamental
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role in specifying the identity of postmitotic cortical neurons (39), while GRIN2B is a subunit of
the N-Methyl-D-Aspartate (NMDA) ionotropic glutamate receptor and has also been associated
with developmental delay, autism, and schizophrenia (40, 41). DYRKIA has been a strong
candidate gene underlying some of the effects of Down syndrome, plays a still poorly understood
role in neurodevelopment and brain/head size (42), and is under positive selection in the human
linage (43). Recently, DYRKI1A has also been shown to be a positive regulator of p120-catenin
signaling (44). Finally, it has been demonstrated that TBL1XR1, also known as TBLRI, is
required for B-catenin/Wnt -mediated transcription (45, 46).
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Clinical Information:

Family 11654. Proband (female) is the eldest of two children with a younger sister (11654.s1).
Patient ID: 11654.p1 (proband)

Event: CHDS de novo splice mutation

Patient is a 96-month-old non-Hispanic white female diagnosed with autism. Mother experienced
edema during pregnancy. Labor was induced and a C-section was performed. Extremely low
VIQ (47) and NVIQ (41) with clinical range deficits in social responsiveness and adaptive skills.
She experienced a delay in phrase speech. Possible loss of skills reported during development.
Placed on a gluten free, casein free diet for one year at age 4.5. Elevated attention problems,
affective problems, somatic complaints, and thought problems with a report of current sleep
apnea. History of past antiepileptic and antibiotic medication use. No history of seizures;
MRI/CT and EEG at age 5 apparently normal. Currently taking antihypertensive medication.
Family history of migraines (paternal grandfather) and reading disorder (paternal cousin, paternal
aunt/uncle). Head circumference of 55.2 cm (z =2.3) and normal BMI.

Patient ID: 11654.fa (father)
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 29. Normative
range of social responsiveness; no presence of broader autism phenotype. He has a B.A. degree
and reports an annual household income of $101-130k. No medication use endorsed for current
or past. No comorbid diagnoses endorsed. Father has head circumference of 58.8 cm (z=1.2) and
BMI suggestive of being overweight.

Patient ID: 11654.mo (mother)
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 29. Normative
range of social responsiveness; no presence of broader autism phenotype. She has a B.A. degree
and reports an annual household income of $101-130k. No medication use reported for mother
before, during, or after pregnancy except for epidural during labor. No comorbid diagnoses
endorsed. Mother has head circumference of 53.85 cm (z=-0.5) and normative BMI.

Patient ID: 11654.s1 (sibling)
Summary:

Sibling is a non-Hispanic white 6.5-year old female. Normative adaptive scores and social
responsiveness from parent and teacher noted. No behavioral problems reported. No medication
use endorsed for current or past. No comorbid diagnoses endorsed. Head circumference of 51.4
cm (z=0.2) and normative BMI.

Family 12991. Proband (male) is an only child.
Patient ID: 12991.p1 (proband)
Event: CHDS de novo frameshift mutation

Patient is a 151-month-old non-Hispanic white male diagnosed with autism. Mother took oral
fertility medication, which was successful. Labor was augmented with Pitocin and a C-section
was performed due to failure to progress. Low VIQ (60), NVIQ (67), and adaptive (73) scores.
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Clinical range deficits in social responsiveness and elevation in anxious/depressed mood with no
comorbid diagnoses. Hernia surgery at 10 months. Diagnosed as excessively
clumsy/uncoordinated at 3. Chronic diarrhea from age 5 to 8. Abnormal EEG and seizures at 12,
concurrent with head injury. Currently taking antiepileptic medication. Past antidepressant use,
antibiotic use, and gluten free casein free diet. Proband has endorsement of mixed receptive-
expressive language disorder and pragmatic language disorder. Head circumference of 58 cm (z
=2.7) and BMI suggestive of being overweight. Family history of speech delay (proband and
maternal cousin), migraine (maternal grandparent), and stroke and cancer (specific family
members unknown).

Patient ID: 12991.fa (father)
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 23. Normative
range of social responsiveness; no presence of broader autism phenotype. Father is a high school
graduate with an annual household income of $51-65k. Past antibiotic and painkiller use. Past
tobacco and marijuana use reported. Current alcohol use. No comorbid diagnoses endorsed.
Father has head circumference of 58.2cm (z=0.8) and BMI suggestive of being obese.

Patient ID: 12991.mo (mother)
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 22. Normative
range of social responsiveness; no presence of broader autism phenotype. Mother is a high
school graduate with an annual household income of $51-65k. Currently taking birth control and
antidepressants. Past tobacco and marijuana use reported. Current alcohol use. No comorbid
diagnoses endorsed. Mother has head circumference of 55.7 cm (z=0.9) and BMI suggestive of
being overweight.

Family 14016. Proband (male) has one older sister (14016.s1) and two younger sisters (not
participating).

Patient ID: 14016.p1 (proband)

Event: CHDS nonsense mutation

Patient is a 63-month-old non-Hispanic white male diagnosed with autism. He is one of four
children born to the same parents, and the third of six pregnancies (mother’s first and fourth
pregnancies resulted in miscarriage within the first 13 weeks). Mother had an unspecified viral
illness during pregnancy. Proband was induced at birth with Pitocin due to failure to progress.
Meconium staining at birth. Low VIQ (79), average NVIQ (92), and low adaptive (58) scores.
Clinical range deficits in social responsiveness, externalizing behaviors (oppositional and
aggressive behaviors) and internalizing behaviors (affective problems, anxiety problems).
History of speech delay, febrile seizures, and allergies (strawberries, sunscreen and soaps/lotion).
History of intermittent unusual stool, diarrhea, and constipation during early childhood.
Diagnosed as excessively clumsy/uncoordinated but EEG and MRI/CT within normal range.
Currently taking antibiotics and a sedative. Took anti-inflammatory meds in the past. Family
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history of asthma (father, sibling) and stuttering (maternal aunt/uncle). One maternal cousin
suspected of ASD. Head circumference of 55.4 cm (z =2.5) and normal BMI.

Patient ID: 14016.fa (father)
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 23. Normative
range of social responsiveness; no presence of broader autism phenotype. Some college with
annual household income of $66-80K. Past antibiotic use but no other medications or comorbid
diagnoses endorsed. Father has head circumference of 60 cm (z=1.8) and BMI suggestive of
obesity.

Patient ID: 14016.mo (mother)
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 22. Normative
range of social responsiveness; no presence of broader autism phenotype. Some college with
annual household income of $66-80K. No past medication use or comorbid diagnoses endorsed.
Mother has head circumference of 59.4 cm (z=3.6) and BMI suggestive of obesity.

Patient ID: 14016.s1 (sibling)
Summary:

Sibling is a non-Hispanic white 8-year old female. Normative internalizing behaviors and
borderline range of externalizing behaviors (oppositional and aggressive behaviors) reported.
Borderline impaired social responsiveness and above average adaptive skills per parent report.
Currently takes medication for asthma with history of antibiotic and anti-inflammatory
medication use in the past. No comorbid diagnoses endorsed. Head circumference of 53.3 cm
(z=0.9) and normative BMI.

Family 13986. Proband is the third of five children born to the same mother with a younger
sister (13986.s1).

Patient ID: 13986.p1 (proband)
Event: CHDS frameshift mutation

Patient is a 67-month-old non-Hispanic white male diagnosed with autism. Mother’s first
pregnancy resulted in miscarriage (2™ trimester). Mother smoked cigarettes during the first
trimester. She experienced an upper respiratory infection during pregnancy (trimester unknown).
Labor was induced/augmented with a cervical suppository and Pitocin due to failure to progress.
Hyperbilirubinemia at birth but no treatment. Proband is nonverbal with extremely low VIQ (25),
NVIQ (38), and adaptive (57) scores. Elevated internalizing behaviors (withdrawn). Clinical
range deficits in social responsiveness per parent and teacher report. Currently on a gluten free
casein free diet. Allergic to nuts. Has taken antibiotics in past. Currently taking clonidine and
cyproheptadine. Respiratory problems (retraction in lungs) diagnosed at 12 months. Diagnosed
with cerebral palsy and excessively clumsy/uncoordinated at 18 months. MRI/CT normal at 18
months; EEG normal at 24 months. Family history of diabetes Type 2 (paternal grandfather),
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migraines (maternal aunt/uncle), depression (maternal aunt/uncle, grandparent), and anxiety
(paternal grandparent). Head circumference of 55 cm (z =2.0) and normal BMI.

Patient ID: 13986.fa (father)
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 29. Normative
range of social responsiveness; no presence of broader autism phenotype. Associates degree with
annual household income of $36-50K. Past tobacco and marijuana use reported. Current alcohol
use. Has taken antibiotics in the past. History of high cholesterol. No comorbid diagnoses
endorsed. Father has head circumference of 58 cm (z=0.7) and BMI suggestive of being obese.

Patient ID: 13986.mo (mother)
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 25. Clinical
range of social responsiveness, but no presence of broader autism phenotype. Some college with
annual household income of $36-50K. No medication use and no comorbid diagnoses endorsed.
Current alcohol use. Mother has head circumference of 56.25 cm (z=1.3) and BMI suggestive of
being overweight.

Patient ID: 13986.s1 (sibling)
Summary:

Sibling is a non-Hispanic white 4-year old female. Normative adaptive scores and social
responsiveness from parent noted. No behavioral problems. Has taken antibiotics in the past. No
comorbid diagnoses endorsed. Head circumference of 51.5 cm (z=1.1) and normative BMI.

Family 12714. Proband is an only child.
Patient ID: 12714.p1 (proband)
Event: CHDS de novo nonsense mutation

Patient is a 55-month-old non-Hispanic white male diagnosed with autism. Mother consumed
artificial sweetener during all three trimesters; no medications or other substances consumed
during pregnancy. Testing during pregnancy revealed some abnormalities (unknown). Mother
had x-ray/radiation exposure during 2" trimester. Labor was augmented by maternal request
with Pitocin. Hyperbilirubinemia at birth but no treatment. Low VIQ (75), NVIQ (78), and below
average adaptive (80) scores. Clinical range deficits in social responsiveness per parent and
teacher report. Speech delay with possible loss of language skills during development. Elevated
internalizing behaviors endorsed (social withdrawal and somatic complaints) with no comorbid
diagnoses. Diagnosed with chronic constipation at 1.5 years, which was resolved at 2.5 years.
History of chronic loose stool. On a gluten free casein free diet. Past antibiotic use. Family
history of diabetes Type 2 (maternal grandparent), heart disease and cancer (maternal
grandparent, paternal grandparent). Head circumference of 53 cm (z =1.0) and normal BMI.
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Patient ID: 12714.fa (father)
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 28. Normative
range of social responsiveness; no presence of broader autism phenotype. Father has a BA
degree with annual household income of 101-130K. Past use of antibiotics and acne medication.
Past use of tobacco and current use of alcohol and marijuana. Possible problem with alcohol
(endorsed trying to cut down). No comorbid diagnoses endorsed. Father has head circumference
of 57.6 cm (z=0.5) and normal BMI.

Patient ID: 12714.mo (mother)
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 28. Normative
range of social responsiveness; no presence of broader autism phenotype. Mother has an
Associate’s degree with annual household income of 101-130K. Past use of tobacco,
hallucinogens, and inhalants. Current use of alcohol and marijuana. Possible problem with
alcohol (endorsed “trying to cut down”). No comorbid diagnoses endorsed. Mother has head
circumference of 58 cm (z=2.6) and normal BMI.

Family 14233. Proband is the third of four children born to the same mother with a younger
brother (14233.s1).

Patient ID: 14233.p1 (proband)

Event: CHDS frameshift mutation

Patient is a 201-month-old non-Hispanic white male diagnosed with autism. Mother diagnosed
with anemia during second and third trimesters and took iron supplements. She had an unknown
viral illness during the second trimester. She also reports edema during pregnancy. Proband had
hyperbilirubinemia at birth but no treatment. Extremely low VIQ (6), NVIQ (19), and adaptive
(39) scores. Clinical range deficits in social responsiveness per parent and teacher report. Loss of
language skills (words) during early development and elevated attention problems. History of
suspected meningitis (per doctors in Mexico). MRI/CT and EEG normal range. History of
suspected head injury (by parent at age 1). History of sleep problems (disordered breathing, sleep
apnea, daytime sleepiness). Past use of antibiotics and antiepileptic medication; current use of
mood stabilizers, dipentum and loratidine. Allergic to pollen. Adenoidectomy, tonsillectomy, and
hernia surgery. Family history of migraines and reduced articulation (maternal cousin), cancer
(paternal grandparent), ADHD (sibling), congenital heart defect (maternal aunt/uncle). Family
history of diabetes Type 2 (father and paternal grandparent). Maternal grandparent has history of
hypothyroidism, bowel disorder, anxiety, depression, and psychiatric hospitalization. Head
circumference of 60.8 cm (z =3.0) and normal BMI.

Patient ID: 14233.fa (father)
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 37. Normative
range of social responsiveness; no presence of broader autism phenotype. Father has an
Associate’s degree with annual household income of 101-130K. Past use of antibiotics, pain
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killers, and medication for acne. Currently takes medication for diabetes, high cholesterol, and
allergies. Father has head circumference of 61 cm (z=2.4) and BMI suggestive of obesity.

Patient ID: 14233.mo (mother)
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 29. Normative
range of social responsiveness; no presence of broader autism phenotype. Mother has a graduate
degree with annual household income of 101-130K. No current medication use and no comorbid
diagnoses endorsed. Mother has head circumference of 58 cm (z=2.6) and BMI suggestive of
being overweight.

Patient ID: 14233.s1 (sibling)
Summary:

Sibling is a non-Hispanic white 14-year old male. Normative adaptive scores and social
responsiveness per parent report. No behavioral problems. Currently takes medication for
asthma; past antibiotic use. No comorbid diagnoses endorsed. Head circumference of 60.2 cm
(z=2.9) and normal BML.

Family 13844. Proband is second of three children with an older sister (13844.s1) and younger
brother (13844.s2).

Patient ID: 13844.p1 (proband)

Event: CHDS de novo nonsense, CUBN de novo nonsense, 2X inherited CNV

Summary: Patient is a 99-month-old non-Hispanic white male diagnosed with autism. Extremely
low VIQ (20), NVIQ (34), and adaptive (59) scores. Clinical range deficits in social
responsiveness (120). Possible loss of language skills during development and elevated social
withdrawal behaviors with no comorbid diagnoses. Large head (z = 2.62) and normal BMI. Food
allergies (gluten and casein). Gastrointestinal constipation diagnosis with bloating and abdominal
pain. Roseola diagnosed at 2.5 years and Epstein Barr virus contracted at 8 years. Respiratory
problems diagnosed at 11 months and kidney problems diagnosed at 9 months. No diagnosis of
cardiac or metabolic syndromes noted. No report of congenital anomalies. Family history of
Down syndrome (maternal cousin). NICU admission shortly after birth with oxygen treatment.
Meconium aspiration at birth. Family history among several members for migraines. Currently
on GFCF diet. Took asthma medication in the past but not currently.

Patient ID: 13844.fa (father)

Summary: Father is an adult non-Hispanic white male. Age at conception of proband is 40.
Normative range of social responsiveness, but elevated score for rigidity on broader autism
phenotype. Some signs of alcoholism (use, attempting to cut down, annoyed by criticism about
drinking, feeling bad about drinking, eye opening experience). No medication use endorsed for
current or past. Some college education. Annual household income = $101-130K. Father has
head circumference of 58.5 cm (z = 1.57) and normative BMI. No comorbid diagnoses endorsed.
Patient ID: 13844.mo (mother)

Summary: Mother is an adult non-Hispanic white female. Age at conception of proband is 35.
Normative range of social responsiveness. No evidence of broader autism phenotype. Antibiotics
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taken during second trimester of pregnancy with proband. Currently taking thyroid medication
and antidepressant (not taken during pregnancy). Endorsement of current tobacco use and past
marijuana use. Some college education. Annual household income = $101-130K. Mother has
head circumference of 54 cm (z = -.41) and normative BMI. No comorbid diagnoses endorsed.
Patient ID: 13844.s1 (sibling)

Summary: Sibling is a non-Hispanic white 10-year-old female. Normative adaptive scores and
social responsiveness from parent and teacher noted. Behavioral elevations for somatic problems
and complaints. Mother was prescribed an unspecified hormone treatment to aid with growth in
past (not currently taking). No other endorsement of medication use. Head circumference of 54
cm (z = 0.96) and normative BMI. No comorbid diagnoses endorsed. Cognitive decline
following Epstein-Barr virus reported by parents.

Patient ID: 13844.s2 (sibling)

Summary: Sibling is a non-Hispanic white 5-year-old male. Adaptive scores not available.
Normative social responsiveness from parent and teacher. No behavioral elevations across any
domain. No endorsement of medication use. Head circumference of 52 cm (z = 0.15) and BMI
suggestive of being underweight. No comorbid diagnoses endorsed.

Family 12752. Proband is an only child.
Patient ID: 12752.p1
Event: CHDS de novo frameshift mutation, ETFB de novo nonsense, I[QGAP2 de novo nonsense

Summary: Patient is a 55-month-old non-Hispanic white female diagnosed with autism.
Normative range VIQ (90) and NVIQ (93) with low adaptive behavior skills (59). Clinical range
deficits in social responsiveness (90). Clinical elevations in attention problems, internalizing
problems, and affective problems with no comorbid diagnoses. Large head (z = 2.40) and BMI
indications of being underweight. No loss or regression of language skills. Diagnosis of chronic
constipation, ongoing from 3.5 months with intermittent episodes of abnormal stool.
Coordination problems noted since 3.5 months. No cardiac or metabolic syndromes noted. No
report of congenital anomalies. Hyperbilirubinemia diagnosis with phototherapy shortly after
birth, no complications after treatment.

Patient ID: 12752.fa (father)

Summary: Patient is an adult non-Hispanic white male. Age at conception of proband is 38.
Normative range social responsiveness. Elevated score for aloofness and pragmatic social skills.
Diagnosis of diabetes. Current tobacco and alcohol use endorsed. Current and past use of
antihypertensive meds and medication for high cholesterol. Past use of sedatives and pain killers.
Some college education. Annual household income = $36—50K. Father has a head circumference
of 59.5 cm (z = 1.56). BMI information unavailable.

Patient ID: 12752.mo (mother)

Summary: Patient is an adult non-Hispanic white female. Age at conception of proband is 36.
Normative range of social responsiveness. No presence of broader autism phenotype. No
endorsement of medications currently or during pregnancy with proband. Current tobacco and
alcohol use endorsed. Some college education. Annual household income = $36-50K. Mother
has head circumference of 54 cm (z = -.41). BMI information unavailable. Mother has been
diagnosed with heart disease.
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Family 14406. Proband is the eldest of two children with a younger brother (14406.s1).
Patient ID: 14406.p1
Event: CHDS de novo 3 bp deletion

Patient is a 163-month-old non-Hispanic white male diagnosed with autism. Mother had herpes 1
virus during first, second, and third trimesters of pregnancy; UTI during 2™ trimester; and
gestational diabetes during pregnancy. No medications taken by mother during pregnancy.
Pitocin used to augment labor due to failure to progress. Proband has history of speech delay and
a hearing accommodation at school. Below average VIQ (84), average NVIQ (98), and very low
adaptive (66) scores. Clinical range deficits in social responsiveness per parent report. Elevated
social problems, attention problems, affective problems, and social withdrawal behaviors with no
comorbid diagnoses. Past gluten free, casein free diet and vitamins. Past antibiotics. Currently
has sleep problems (frequent awakenings at night and difficulty sleeping). Head circumference
of 57 cm (z =1.6) and BMI suggestive of obesity. Family history of heart disease (maternal
grandparent, paternal grandparent, maternal aunt/uncle), cancer (maternal grandparent, paternal
grandparent, paternal cousin), ADHD (paternal cousin), and diabetes type 2 (maternal
grandparent).

Patient ID: 14406.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 25. Some evidence
of broader autism phenotype (elevated pragmatic language impairment and aloof behaviors).
Associates degree with annual household income of $66-80K. Past antibiotic and anti-
inflammatory use. No comorbid diagnoses endorsed. Father has head circumference of 58 cm
(z=0.7) and BMI suggestive of being overweight.

Patient ID: 14406.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 26. Normative
range of social responsiveness; no presence of broader autism phenotype. Associates degree with
annual household income of $66-80K. No current or past medication use reported. No comorbid
diagnoses endorsed. Mother has head circumference of 54.5 cm (z=-0.04) and BMI suggestive of
obesity.

Patient ID: 14406.s51
Summary:

Sibling is a non-Hispanic white 139-year old male. Normative adaptive scores and social
responsiveness per parent report. Slight behavioral elevations for somatic problems and social
withdrawal behaviors per parent report. Teacher report indicates borderline elevation in social
responsiveness. Currently taking antibiotics and Valtrex (herpes 1). No comorbid diagnoses
endorsed. Head circumference of 55 cm (z=0.7) and normative BMI.
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Family 12099. Proband is the younger of two children with an older brother (12099.s1).
Patient ID: 12099.p1
Event: DYRKI1A de novo frameshift mutation

Patient is a 96-month-old non-Hispanic white male diagnosed with autism. Mother had herpes 2
virus during third trimester and took Valtrex. Mother reported drinking during third trimester
(unknown amount). Born via planned C-section. Meconium staining at birth. Polydactyly.
Mother reports he was floppy and lethargic as an infant. Feeding difficulties (poor suck). Very
low VIQ (63), NVIQ (55), and low adaptive (74) scores. Clinical range deficits in social
responsiveness and elevated attention problems per parent report. History of febrile seizures and
speech delay. Comorbid diagnosis of Mild Mental Retardation. Excessively clumsy,
uncoordinated. Past use of antibiotics. Head circumference of 47.6 cm (z =-3.8) and normative
BMI. Family history of seizures (paternal half sibling, maternal aunt/uncle), migraines (maternal
grandparent), heart disease (maternal grandparent), cancer (maternal grandparent, paternal
grandparent), mental retardation (paternal aunt/uncle), bipolar disorder (maternal aunt/uncle),
depression (maternal aunt/uncle), dysthymic disorder (paternal half sibling), psychiatric
hospitalization (paternal half sibling), and hyperthyroidism (maternal grandparent).

Patient ID: 12099.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 55. Normative
range of social responsiveness; no presence of broader autism phenotype. BA degree with annual
household income of $81-100K. Past use of antibiotic medication; current use of
antihypertensive medication and medication for high cholesterol. Current use of alcohol and
reports possible problem (felt bad about drinking behavior). No comorbid diagnoses endorsed.
Father has head circumference of 58.5 cm (z=1.0) and BMI suggestive of being obese.

Patient ID: 12099.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 39. Normative
range of social responsiveness; no presence of broader autism phenotype. BA degree with annual
household income of $81-100K. No comorbid diagnoses endorsed. History of past drug use
(marijuana, cocaine, amphetamines, ecstasy, hallucinogens, inhalants); currently drinks alcohol.
Mother has head circumference of 55.3 cm (z=0.6) and BMI suggestive of being overweight.

Patient ID: 12099.51
Summary:

Sibling is a non-Hispanic white 13-year-old male. Normative adaptive scores and social
responsiveness from parent and teacher noted. No comorbid diagnoses endorsed. Head
circumference of 57 cm (z=1.6) and normative BMI.

Family 13552. Proband is the younger of two children born to the same parents with an older
brother (13552.s1).

Patient ID: 13552.p1

Event: DYRKI1A de novo frameshift mutation
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Patient is a 71-month-old non-Hispanic white male diagnosed with autism. Mother reports
smoking during the first trimester and having an upper respiratory illness during the first, second,
and third trimesters. She also reports having Group B strep. Meconium staining at birth. Average
VIQ (91), very low NVIQ (66) and adaptive (68) scores. Clinical range deficits in social
responsiveness per parent and teacher report. History of speech delay and seizures (febrile and
non-febrile). Elevated ADHD behaviors and attention problems with no comorbid diagnoses.
History of recurrent otitis media with myringotomy, urinary problems, and strep throat. Tonsils
and adenoids removed. Currently incontinent at night. Currently takes antiepileptic medication.
Past use of mood stabilizers and antibiotic medication. Allergic to pollen. Head circumference of
48 cm (z =-2.7) and normative BMI. Family history of cancer (maternal grandparent), bipolar
disorder (maternal aunt/uncle, 2 cases), congenital heart defect (paternal grandparent)

Patient ID: 13552.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 37. Normative
range of social responsiveness; no presence of broader autism phenotype. Graduate degree with
annual household income of $131-160K. Has used pain killers, antidepressants, and antibiotics in
past. Currently drinks alcohol and reports possible problem with drinking (has tried to cut down;
has felt bad about drinking behavior.) No comorbid diagnoses endorsed. Father has head
circumference of 58 cm (z=0.7) and BMI suggestive of being overweight.

Patient ID: 13552.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 36. Normative
range of social responsiveness; no presence of broader autism phenotype. Graduate degree with
annual household income of $131-160K. Only over-the-counter medication use endorsed. No
comorbid diagnoses endorsed. Mother has head circumference of 55 cm (z=0.3) and BMI
suggestive of being overweight.

Patient ID: 13552.51
Summary:

Sibling is a non-Hispanic white 92-month-old male. Normative adaptive scores and social
responsiveness from parent and teacher noted. No comorbid diagnoses endorsed. Current
antibiotic use. Head circumference of 53.5 cm (z=0.7) and normative BMI.

Family 13890. Proband is the younger of two children with an older sister (13890.s1).
Patient ID: 13890.p1
Event: DYRKI1A de novo splice mutation

Patient is a 164-month-old non-Hispanic white female diagnosed with autism. Mother reports
having a skin rash and upper respiratory virus during pregnancy. She also reports Rh
incompatibility and use of RhoGAM as well as oligohydramnios during pregnancy. Mother
reports drinking during first trimester (unknown amount) and taking over-the-counter medication
during the third trimester (Sudafed). Labor was augmented with Pitocin due to failure to progress
and an emergent C-section was performed. Proband was irritable and stiff as an infant.
Extremely low VIQ (26), NVIQ (42), and adaptive (41) scores. Clinical range deficits in social
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responsiveness per parent and teacher report. History of significant speech delay (no phrase
speech; single words only) with comorbid diagnosis of Severe Mental Retardation. MRI/CT in
normal range; EEG results unclear. History of otitis media, roseola, gastrointestinal problems,
and recurrent respiratory problems. History of sleep difficulty and daytime sleepiness. Past use
of mood stabilizers, antibiotics, and over-the-counter medications. Head circumference of 51.5
cm (z =-1.6) and BMI suggestive of obesity. Family history of heart disease (both maternal
grandparents, paternal grandparent), cancer (maternal grandparent), bipolar disorder with
psychiatric hospitalization (maternal grandparent), depression (maternal aunt/uncle, 2 cases), and
anxiety disorder (maternal cousin).

Patient ID: 13890.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 37. Some evidence
of broader autism phenotype (elevated rigid and aloof behaviors). Associates degree with annual
household income of $81-100K. Currently takes medication for high cholesterol,
antihypertensives, and pantoprazole (GERD?); past use of antibiotics and asthma medication. No
comorbid diagnoses endorsed. Father has head circumference of 57.3 cm (z=0.3) and BMI
suggestive of obesity.

Patient ID: 13890.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 35. Normative
range of social responsiveness; no presence of broader autism phenotype. BA degree with annual
household income of $81-100K. She currently takes medication for high cholesterol. No
comorbid diagnoses endorsed. Mother has head circumference of 57 cm (z=1.8) and BMI
suggestive of obesity.

Patient ID: 13890.s1
Summary:

Sibling is a non-Hispanic white 16-year old female. Normative adaptive scores and social
responsiveness from parent noted. Past use of antibiotics and over-the-counter medications. Has
migraines. Head circumference of 53.3 cm (z=-0.8) and BMI suggestive of obesity.

Family 11390. Proband is the first of two children with a younger sister (11390.s1).
Patient ID: 11390.p1
Event: PTEN de novo missense mutation

Patient is a 99-month-old non-Hispanic white female diagnosed with autism. Mother reports
anemia, migraines, edema, hypertension, preeclampsia, and an upper respiratory infection during
pregnancy. Proband was induced with Pitocin due to failure to progress and born via C-section
(cervix too small for head). Very low VIQ (57), low NVIQ (77) and low adaptive (79) scores.
Clinical range deficits in social responsiveness per parent report. History of speech delay with
loss of language skills during development (words). Elevated attention problems, ADHD
symptoms, affective problems, and social withdrawal behaviors with comorbid diagnosis of Pica.
History of otitis media with myringotomy, strep throat, and gastrointestinal problems. Currently
has difficulty going to bed and exhibits symptoms of sleep disordered breathing. Head
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circumference of 56 cm (z =2.8) and normative BMI. Family history of migraines (maternal
aunt/uncle, maternal cousin), speech delay (paternal half sibling), articulation difficulty (paternal
half sibling), heart disease (maternal grandparent, both paternal grandparents), stroke and death
under 50 years old (maternal grandparent), cancer (maternal aunt/uncle, 2 cases), depression
(maternal cousin, maternal grandparent, maternal aunt/uncle), personality disorder (maternal
cousin), psoriasis (maternal aunt/uncle), and diabetes type 2 (paternal grandfather).

Patient ID: 11390.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 34. No evidence of
broader autism phenotype. Associates degree with annual household income of $51-65K. No
comorbid diagnoses endorsed. Father has head circumference of 58.5 cm (z=0.9); BMI
unavailable.

Patient ID: 11390.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 32. Some
evidence of broader autism phenotype (elevated pragmatic language impairment and rigid
behaviors). Associates degree with annual household income of $51-65K. Currently taking
antidepressants but no comorbid diagnoses endorsed. Mother has head circumference of 54 cm
(z=-0.4); BMI unavailable.

Patient ID: 11390.s1
Summary:

Sibling is a non-Hispanic white 81-month-old female. Normative social responsiveness from
parent noted. Behavioral elevations for attention problems, ADHD symptoms, and somatic
problems. No comorbid diagnoses endorsed. Head circumference of 53 cm (z=1.4); BMI
unavailable.

Family 14433. Proband is the second of two children with an older brother (14433.s1).
Patient ID: 14433.p1
Event: PTEN de novo missense mutation

Patient is a 49-month-old non-Hispanic white male diagnosed with autism. Mother had a flu shot
during pregnancy and tested positive for Rh incompatibility (RhoGAM taken). She also
experienced edema, dizzy spells, hyperemesis, and blurry vision. Mother reports drinking during
first trimester (unknown amount) and taking asthma medication during second trimester.
Proband had hyperbilirubinemia after birth but no treatment required. Mother reports feeding
difficulty after birth. Very low VIQ (55) and NVIQ (50) with low adaptive (73) scores. Clinical
range deficits in social responsiveness per parent report. Elevated affective problems and social
withdrawal behaviors with comorbid diagnosis of Mild Mental Retardation. History of speech
delay and possible non-febrile seizures. Mother suspects movement abnormalities but no
diagnosis. EEG normal. Proband has sleep difficulties (irregular bedtime, frequent awakenings,
difficulty waking up in the morning, and daytime sleepiness). Currently takes medication for
asthma. Head circumference of 57.8 cm (z =4.7) and BMI suggestive of obesity. Family history
of migraines (maternal aunt/uncle, maternal grandparent), heart disease (both maternal
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grandparents), cancer (maternal grandparent), reading disorder (maternal aunt/uncle), ADHD
(maternal cousin), birth defect (maternal grandparent has webbed toes and fingers)

Patient ID: 14433.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 38. Normative
range of social responsiveness; no presence of broader autism phenotype. Graduate degree with
annual household income over $161K. No comorbid diagnoses endorsed. Father has head
circumference of 63 cm (z=3.5) and BMI suggestive of being overweight.

Patient ID: 14433.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 32. Normative
range of social responsiveness; no presence of broader autism phenotype. Graduate degree with
annual household income over $161K. No comorbid diagnoses endorsed. Currently taking
thyroid medication and birth control. Mother has head circumference of 58.1 cm (z=2.7) and
normative BMI.

Patient ID: 14433.51
Summary:

Sibling is a non-Hispanic, white 67-month-old male. Normative social responsiveness with
slightly below average adaptive scores per parent report. Mild hearing loss. No comorbid
diagnoses endorsed. Head circumference of 53.9 cm (z=1.2) and BMI suggestive of being
overweight.

Family 14611. Proband is the youngest of three children born to the same parents with an older
sister (14611.s1) and brother.

Patient ID: 14611.p1

Event: PTEN de novo frameshift mutation

Patient is a 111-month-old non-Hispanic white male diagnosed with autism. Mother experienced
migraines, a vaginal infection, edema, hyperemesis, and an upper respiratory illness during
pregnancy. Proband was born vaginally with the use of forceps. He received phototherapy for
hyperbilirubinemia after birth. Mother reports he had feeding difficulties, was
irritable/inconsolable, and reacted poorly to MMR vaccination (lethargic and sick). Extremely
low VIQ (19), NVIQ (33), and adaptive (57) scores. Clinical range deficits in social
responsiveness per parent and teacher report. History of speech delay and loss of words during
development; currently nonverbal. Comorbid diagnoses of Severe Mental Retardation, ADHD,
OCD, and Anxiety Disorder NOS. History of otitis media. Currently has sleep difficulties
(difficulty going to sleep; mother must lay down with him.) Head circumference of 56 cm (z
=2.0) and normative BMI. Family history of stroke (paternal grandparent) and dyslexia (paternal
cousin).
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Patient ID: 14611.fa
Summary:

Father is an adult non-Hispanic white male. Age at conception of proband is 39. Some evidence
of broader autism phenotype (elevated rigid and aloof behaviors). BA degree with annual
household income of $81-100K. Past use of pain killers, antihypertensives, and sedatives.
Currently takes thyroid medication, myfortic, and sensipar. No comorbid diagnoses endorsed.
Father has head circumference of 59 cm (z=1.3) and normative BMI.

Patient ID: 14611.mo
Summary:

Mother is an adult non-Hispanic white female. Age at conception of proband is 39. Normative
range of social responsiveness; no presence of broader autism phenotype. BA degree with annual
household income of $81-100K. Takes medication for asthma (not taken during pregnancy). No
comorbid diagnoses endorsed. Mother has head circumference of 55 cm (z=0.3) and normative
BMI.

Patient ID: 14611.51
Summary:

Sibling is a non-Hispanic white 177-month-old female. Normative adaptive scores and social
responsiveness from parent and teacher noted. History of asthma. No comorbid diagnoses
endorsed. Head circumference of 54 cm (z=-0.1) and normative BMI.
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Figure S1. MIP design optimization from 55k MIP test set.

(A) MIP capture efficiency depends on ligation arm (x-axis) and extension arm (y-axis) melting
temperatures. The average performance (i.e., read depth on heat map scale) is plotted for various
pairings of ligation arm and extension arm melting temperatures (24) for successful captures in a
55,000 MIP capture reaction (7). The read depth signal is smoothed by averaging the read depth
of each bin with the read depth from each of its neighboring bins. These data indicate that MIPs
perform best when the melting temperature of the ligation arm is greater than that of the
extension arm. (B) The “selection space” of potential MIP designs is visualized by plotting the
frequency distribution of ligation arm (x-axis) and extension arm (y-axis) melting temperatures
for every possible MIP that can be designed against the human exome under certain constraints.
Specifically, the design constraints mandate that each potential MIP targeted a region of fixed
length (112 bp) but allow extension/ligation arm lengths to vary between 16/24, 17/23, 18/22,
19/21, and 20/20 bp. Designing MIPs with a ligation arm length greater than or equal to the
extension arm length creates more MIPs with a higher ligation arm melting temperature, which
tend to perform better (see A). The heat map scale corresponds to the number of potential MIP
designs with a given pair of ligation arm and extension arm melting temperatures. Under these
design constraints, a substantial fraction of potential MIPs are predicted high performers (inner
white box) or medium performers (outer white box). Note that for this plot, the distribution was
approximated by randomly sampling ~100,000 MIPs from the full distribution.
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Figure S2. Performance of ASD1 MIPs on 48 samples (16 trios) that were previously exome
sequenced.

(A-C) Box and whisker plots. (A) Log10 median target coverage. (B) Fraction of targeted bases
at 25-fold or greater coverage. (C) Fraction of read pairs that were correctly paired and matching
expected MIP capture locations. “All” is the fraction of all raw reads from the sequencer with
assignable barcode sequences, correctly paired reads that map to targeted locations. “Mapped” is
the fraction of the mapped, correctly paired reads that map to targeted locations. (D) Scatter plot
of the log10 median coverage of 48 samples across all 24,566 target positions for MIP capture
versus exome capture. Spearman correlation = 0.154. (E-F) Overlap of poorly captured positions
by MIP capture and exome capture at various minimum coverage thresholds.
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Figure S3. Performance of ASD1 and ASD2 probe sets.

(A) Uniformity plots for pre-normalization (dashed) and post-normalization (solid) MIP pools
(ASD1 = blue, ASD2 = red). (B-C) Box and whisker plots of MIP-captured samples. (B) Median
coverage across the coding target. (C) The fraction of coding target bases sequenced to 25-fold
coverage or greater. Abbreviations: Pro-ASD probands, NIMH-non-ASD samples from the
National Institute of Mental Health.
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Figure S4. Sensitivity and PPV plots for SNV calling heuristics.

The estimated sensitivity for SNVs at all (red) or sufficiently covered (purple) targeted bases, as
well as the estimated PPV (blue), is shown for various filtering thresholds. The filtering
thresholds (x-axis) are expressed as X Y Z, where X is minimum coverage, Y is minimum
consensus or SNP quality, and Z is allele balance cutoff (maximum fraction of Q20 reference
bases).
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Figure SS. Initial probe performance strongly predicts utility of probe read depth for CNV
calling.

The ranked-ordered percent relative standard deviations of each MIP’s (EP set) relative
abundance (# probe mapped reads/# total mapped reads) are shown. Blue points are well-
performing probes that were not rebalanced (n = 1,130). Red points are poorly performing probes
that were rebalanced at 10-fold excess (n = 65). The poorly performing probes exhibit highly
variable capture efficiency relative to well-performing probes and are not useful for copy number
analysis. Probes with effectively no coverage, median reads <20, or overlapping SNV sites are

not shown (n = 130).
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Figure S6. PPV and sensitivity curves generated for CNV events from 357 epilepsy samples.
After removing samples with very high call rates (>10 standard deviations from the mean

number of CNV calls), 357 samples were left for analysis (including 14 duplicates) and only
autosomal probes were considered. We required true positive sites to be called in both replicates
and counted these as only a single observation. At all sites the number of expected events was 14.
At covered sites the number of expected events is 10. The estimated sensitivity for CNVs at all
(red) or sufficiently covered (purple) regions, as well as the estimated PPV (blue), is shown for
various filtering thresholds. The filtering thresholds (x-axis) are expressed as A B, where A is
minimum number of probes and B is average SVD adjusted Z-score of the calling window.
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Figure S7. Example of a known CNYV called using MIP read depth.

Integrative Genome Viewer screenshot of GABRA 1/2 heterozygous deletion region. Top track
shows log2 array CGH signal. The middle track shows adjusted Z-score values for individual

MIP probes (red are less than -2.5). The bottom track shows RefSeq gene models.
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Figure S8. Joint PPI network analysis of severe mutation events identified in O’Roak et al.
and Sanders et al. identifies 74-member component.

Gene products are nodes, while gray lines are direct PPI. Yellow nodes (n = 53): O’Roak et al. (2,
3); blue nodes (n = 19): Sanders et al. (4); green nodes (n = 2): both studies.
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Figure S9. Histograms of network statistics for 10,000 simulated null networks.

Left: Number of edges in the networks. Right: Global clustering coefficient of the networks. In
both figures, the red dotted line indicates the corresponding value in the experimentally
determined network.
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Figure S10. Performance of ASD2 MIPs as a function of the GC content of the targeted
gap-fill region.

Box and whisker plots of the log10 median read counts for MIPs targeting gap-fill regions with
various GC content bins are shown. Capture efficiency exhibits reduced and more variable
performance at the GC extremes. Normalizing probes based on initial performance dramatically
improves capture efficacy. Median calculated from seven successful captures and all sites with
zero reads were set to one to allow for plotting on a log10 scale. Unnormalized probes are blue.
Normalized probes are green. First x-axis shows the GC content bins. Second x-axis shows the
number of probes in each bin. Note: Probes overlapping common SNPs for which two probes
exist (one for each SNP allele) are collapsed (13 of 1,714 total probes).
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Figure S11. Proband MIP read depth CNYV calls with [llumina 1M genotyping data.

X-axis is hg18-defined chromosomal position. Y-axis is the log (base2) R ratio values plotted
from Illumina 1M genotyping data (47) for individuals with a MIP-based copy number call. (A)
Proband 11780 has a maternally inherited duplication overlapping the CNOT4 locus supported
by the array data, indicated by green horizontal bar. (B) Proband 12404 has a paternally inherited
duplication overlapping the TBLIXR1 locus supported by the array data, indicated by green
horizontal bar. Green vertical lines >=+0.5, Red vertical lines <=-0.5. Blue bars show gene
transcripts.
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Figure S12. Proband MIP read depth CNV calls with array CGH data.

X-axis is hgl8-defined chromosomal position. Y-axis is the log (base 2) relative intensity values
plotted from Agilent custom array CGH (3). (A) Proband 13697 has a maternally inherited
duplication overlapping the NLGN1 locus supported by the array data, indicated by green
horizontal bar. (B) Proband 13529 has a predicted PTEN duplication not locus supported by the
array data. Green vertical lines >=+0.5, Red vertical lines <=-0.5. Light blue bars show gene
transcripts.
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Allele

Assay Pos(hg18) Pos(hg19) Coverage Balance Sample

MIP 166556252 166848006 1965 0.53 12340.p1

Exome 166556252 166848006 17 0.53 12340.p1
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Figure S13. Example of de novo variant not reported in exome sequencing studies.

(A) Summary of coverage and allele balance stats for MIP and exome sequence (4) of 12340.p1
at site of SCNIA de novo T->C substitution. (B) Sanger traces for family 12340. (C) Integrative
Genomics Viewer screenshot of mapped exome sequence. In this case, the variant failed to reach
minimum coverage criterion in exome study. Yellow box shows fraction of reads supporting
variant and their strand. For-forward, Rev-reverse, Fa-father, Mo-mother, P1-proband, EX-

€xome.
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Figure S14. Distribution of locus-specific mutation rates based on human-chimpanzee
comparisons.

Box and whisker plots of the logl0 mutation rates (per base-pair per generation) shown for all
genes (left) and the 44 MIP target genes (right). Locations of the six implicated genes are noted
(see table S13).
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Table S1. Reagent cost estimates for MIP capture and sequencing.

Amortizing costs Total pool cost Per sample Per sample per gene

(assuming 3k

reactions)

44 genes (2,069 oligos, and $14,397.83 $4.80 $0.11
oligo preparation (pooling
and phosphorylation))
Fixed costs Per 192 samples Per sample Per sample per gene
Reagents and plasticware to $493.83 $2.57 $0.06
capture 192 samples
Reagents for 1 lane HiSeq $1,388.00 $7.23 $0.16
sequencing (PE101)
Capture and sequencing cost $1,881.83 $9.80 $0.22
Total cost summary* $16,279.66 $14.60 $0.33

*The cost estimates shown are specifically for reagents and do not include other costs, e.g.,
technician labor, amortized machine purchase costs, machine service contracts, machine
purchases, computation, etc.

Table S2. Parameters for MIP pools.

ASD1 ASD2 ASD1+ASD2 Epilepsy (EP) Joubert
syndrome
JS)
Genes 6 38 44 32 26
Total target bp 24,566 bp 120,702 bp 145,268 bp 86,494 bp 86,462 bp
MIPs 355 1714 2069 1325 1423
DNA amount 50 ng 100 ng 120ng 100 ng 100 ng
MIP: target ratio 200:1 800:1 800:1 200:1 200:1
dNTPs 0.16 uM 0.32 uM 0.32 uM 0.32 uM 0.32 uM
Incubation time 48 hours 23 hours 23 hours 48 hours 48 hours
PCR volume 50 ul 25 ul 25 ul 25 ul 25 ul
~#samples/HiSeq2000 384 192 192 192 192
lane
MIPs rebalance By individual 50X increase of 50X increase 10X increase 10X increase
probe poor performers  of poor of poor of poor
performers performers performers
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Table S3. ASD candidate loci targeted by MIPs.

Gene Pool #MIPs Initial Nomination OMIM Notes CNV Reports/  References
(RefSeq) Mut Category Implicated
Regions

FOXP2 asdl 38 none Gene similarity 602081 CNV and point Y (50, 51)
(FOXP1), mutations: Speech —
CNV, OMIM language disorders and

ASD

GRIN2B asdl 54 sp 1D, EP, ASD, 613970 CNV and point (21, 40, 41,
SCZ, CNV, mutations: ID, EP, 53-55)
OMIM neurodevelopmental

defects; rare missense
variants: ASD and SCZ;
GWAS: SCZ

ms Syndromic, 607208 CNV and point Y
OMIM mutations; Dravet
syndrome, EP, ASD

ADNP asd2 35 fs Novel, animal Mouse KO & antagonist: N (59, 60)
model ASD- neuronal/glial pathology
like and reduced cognitive
functions and ASD-like

behavior

CNV, OMIM 614562 CNV and point
mutations: ID, ASD,
Coffin-Siris

(62-65)

CHD7 asd2 117 ms Syndromic, 214800 CHARGE syndrome w/ N (13, 67, 68)
OMIM ASD features;
Interacts with CHD8

CTNNBI asd2 35 ms Novel Beta-catenin N
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Gene Pool #MIPs Initial Nomination OMIM Notes CNV Reports/  References
(RefSeq) Mut Category Implicated
Regions

CULS asd2 41 ms Novel, In vitro: cortical N (69)
ubiquitin development, ubiquitin
pathway

HDGFRP2 asd2 34 ms CNV, novel Rat expression: 19p13.3:del/ (71)
throughout brain dup

MBDS5 asd2 54 fs CNV, OMIM 156200 The only gene deleted in 2q23.1:del (73, 74)
all subjects with the
2q23.1 microdeletion
syndrome

NLGNI asd2 28 ms CNV, known CNV mutations: ID, Y (75, 76)
ASD, EP,

NR4A42 asd2 22 ms Novel Point mutations: N (78, 79)
SCZ and Parkinsons;
Involved in survival of
dopamine neurons

OPRL1 asd2 14 ms CNV, novel Association with opioid 20q13.33:del (81)
addiction and alcohol
dependence

PSENI1 asd2 21 ms Novel 607822 Point mutation: N (83)
Alzheimer’s disease and
EP;

Notch signaling cleavage,
synaptic homeostasis

RPS6KA3 asd2 45 ns Syndromic, 303600,  CNV and point Y (87-89)
OMIM 300844 mutations: Coffin-Lowry
syndrome and

nonsyndromic X-linked
mental retardation.

SBF1 asd2 97 ms CNV, SET Within the 22q13
domain Deletion Syndrome

22q13:del/dup (14)
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Gene Pool #MIPs Initial Nomination OMIM Notes CNV Reports/  References
(RefSeq) Mut Category Implicated
Regions

region.

SETBPI1 CNV, novel, 269150 CNV: del(18) Syndrome:  del(18)(q12.2q2 (93, 94)
OMIM hypotonia, expressive 1.1) Syndrome
language

delay, short stature, and
behavioral problems

; recurrent missense
(gain-of-function):
Schinzel-Giedion
midface retraction
syndrome

SGSM3 asd2 43 ms Novel RAP and RAB-mediated
neuronal signal

transduction; Associated
with neuronal function

N (96)

TBRI1 asd2 25 fs Novel Mouse KO: molecular N (39, 97)
and functional defects in

early-born cortical

neurons, cortical

malformation

UBE3C asd2 55 ms Novel Association with cocaine N 98)
dependence and major
depressive episode

ZBTB41 asd2 37 ms Novel Little known, brain N
expressed zinc finger

Total 1714

Abbreviations: ASD-autism spectrum disorders, DD-developmental delay, ID-intellectual disability, SCZ-
schizophrenia, EP-epilepsy, OMIM-Online Mendelian Inheritance in Man, CNV-copy number variant, Mut-
mutation type, fs-frameshifting indel, ns-nonsense, sp-splice-site, aa-single amino acid deletion, ms-missense.
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Table S4. Sequences of primers, ASD1, and ASD2 MIP probes.
See accompanying Excel spreadsheet.
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Table S5. Comparison of ASD1 MIP variant calls to exome variant calls for 48 samples (16
trios).

Total | in dbSNP | % in dbSNP | Notin dbSNP | % Novel

Called by both 725 699 96.4 26%* 3.6
Called only by MIP 72 63 87.5 9 12.5
Called only by exome 7 7 100 0 0

*All de novo events called by exome sequencing were also called by MIP-based resequencing.
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Table S6. Sensitivity and PPV for MIP variant calls (JS set) compared with bi-directional
Sanger sequence under various calling heuristics.

Condition PPV Sensitivity F1 F2 Sensitivity F1@ @ True+ False + False- Coverage
(Precision)  (Recall) (Recall) @ cs cs Below
Covered Threshold
Sites (CS)
10_20_0.65 0.9594 0.9220  0.9403 0.9292 0.9793  0.9692  0.9752 189 8 4 12
10_20_0.70 0.9550 0.9317 0.9432 0.9363 0.9896 0.9720  0.9825 191 9 2 12
10_20_0.75 0.9458 0.9366 0.9412 0.9384 0.9948 0.9697  0.9846 192 11 1 12
10_20_0.80 0.9366 0.9366 0.9366 0.9366 0.9948 0.9648  0.9826 192 13 1 12
10_30_0.65 0.9641 0.9171 0.9400 0.9261 0.9741 0.9691 0.9721 188 7 5 12
10_30_0.70 0.9596 0.9268 0.9429 0.9332 0.9845 0.9719 0.9794 190 8 3 12
10_30_0.75 0.9502 0.9317 0.9409 0.9354 0.9896 0.9695  0.9815 191 10 2 12
10_30_0.80 0.9455 0.9317 0.9386 0.9344 0.9896 0.9671  0.9805 191 11 2 12
20_20_0.65 0.9844 0.9220  0.9521 0.9338 0.9793 0.9818  0.9803 189 3 4 12
20_20_0.70 0.9795 0.9317 0.9550 0.9409 0.9896  0.9845  0.9876 191 4 2 12
20_20_0.75 0.9746 0.9366  0.9552 0.9440 0.9948 0.9846  0.9907 192 5 1 12
20_20_0.80 0.9697 0.9366  0.9529 0.9430 0.9948  0.9821  0.9897 192 6 1 12
20_30_0.65 0.9843 0.9171 0.9495 0.9298 0.9741 09792 0.9761 188 3 5 12
20_30_0.70 0.9794 0.9268 0.9524 0.9369 0.9845 0.9819  0.9834 190 4 3 12
20_30_0.75 0.9745 0.9317 0.9526  0.9400 0.9896  0.9820 0.9866 191 5 2 12
20_30_0.80 0.9695 0.9317 0.9502 0.9390 0.9896  0.9795  0.9856 191 6 2 12
25_20_0.65 0.9844 0.9220  0.9521 0.9338 0.9793 0.9818  0.9803 189 3 4 12
25_20_0.70 0.9795 0.9317 0.9550 0.9409 0.9896  0.9845  0.9876 191 4 2 12
25_20_0.75 0.9796 0.9366 0.9576 0.9449 0.9948 0.9871 0.9917 192 4 1 12
25_20_0.80 0.9746 0.9366  0.9552 0.9440 0.9948 0.9846  0.9907 192 5 1 12
25_30_0.65 0.9843 0.9171 0.9495 0.9298 0.9741 09792 0.9761 188 3 5 12
25_30_0.70 0.9794 0.9268 0.9524 0.9369 0.9845 0.9819  0.9834 190 4 3 12
25_30_0.75 0.9795 0.9317 0.9550 0.9409 0.9896 0.9845  0.9876 191 4 2 12
25_30_0.80 0.9745 0.9317 0.9526  0.9400 0.9896 0.9820 0.9866 191 5 2 12
30_20_0.65 0.9844 0.9220  0.9521 0.9338 0.9793 0.9818  0.9803 189 3 4 12
30_20_0.70 0.9795 0.9317 0.9550 0.9409 0.9896  0.9845  0.9876 191 4 2 12
30_20_0.75 0.9796 0.9366 0.9576 0.9449 0.9948 0.9871 0.9917 192 4 1 12
30_20_0.80 0.9796 0.9366 0.9576 0.9449 0.9948 0.9871  0.9917 192 4 1 12
30_30_0.65 0.9843 0.9171 0.9495 0.9298 0.9741 09792 0.9761 188 3 5 12
30_30_0.70 0.9794 0.9268 0.9524 0.9369 0.9845 0.9819  0.9834 190 4 3 12
30_30_0.75 0.9795 0.9317 0.9550 0.9409 0.9896 0.9845  0.9876 191 4 2 12
30_30_0.80 0.9795 0.9317 0.9550 0.9409 0.9896  0.9845  0.9876 191 4 2 12
40_20_0.65 0.9842 0.9122 0.9468 0.9257 0.9791 0.9816  0.9801 187 3 4 14
40_20_0.70 0.9793 0.9220 0.9497 0.9329 0.9895 0.9844  0.9875 189 4 2 14
40_20_0.75 0.9794 0.9268 0.9524 0.9369 0.9948 0.9870 0.9916 190 4 1 14
40_20_0.80 0.9794 0.9268 0.9524 0.9369 0.9948 0.9870 0.9916 190 4 1 14
40_30_0.65 0.9841 0.9073 0.9442 0.9217 0.9738 0.9789  0.9759 186 3 5 14
40_30_0.70 0.9792 0.9171 0.9471 0.9289 0.9843 0.9817  0.9833 188 4 3 14
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Condition PPV Sensitivity F1 F2 Sensitivity Fl@ FR2@ True + False + False- Coverage
(Precision)  (Recall) (Recall) @ cs cs Below
Covered Threshold
Sites (CS)
40_30_0.75 0.9793 0.9220  0.9497 0.9329 0.9895  0.9844  0.9875 189 4 2 14
40_30_0.80 0.9793 0.9220 0.9497 0.9329 0.9895  0.9844  0.9875 189 4 2 14
50_20_0.65 0.9842 0.9122 0.9468 0.9257 0.9791 0.9816  0.9801 187 3 4 14
50_20_0.70 0.9793 0.9220 0.9497 0.9329 0.9895  0.9844  0.9875 189 4 2 14
50_20_0.75 0.9794 0.9268 0.9524 0.9369 0.9948 0.9870 0.9916 190 4 1 14
50_20_0.80 0.9794 0.9268 0.9524 0.9369 0.9948 0.9870 0.9916 190 4 1 14
50_30_0.65 0.9841 0.9073 0.9442 0.9217 0.9738 0.9789  0.9759 186 3 5 14
50_30_0.70 0.9792 0.9171 0.9471 0.9289 0.9843  0.9817  0.9833 188 4 3 14
50_30_0.75 0.9793 0.9220  0.9497 0.9329 0.9895  0.9844  0.9875 189 4 2 14
50_30_0.80 0.9793 0.9220 0.9497 0.9329 0.9895  0.9844  0.9875 189 4 2 14

Condition nomenclature is X Y Z, where X is minimum coverage, Y is minimum consensus or

SNP quality, and Z is allele balance cutoff (maximum fraction of Q20 reference bases).

Maximum values are bolded.
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Table S7. Copy number calls from known deletion and duplication carriers.

True+
Sample CNV Gene Chr Start Stop Size Z-score  Z-score SD #Probes
(kb) (A) (B)
8893 5q34del GABRAI, 5 161,277,798 161,580,177 302 -3.71 -3.73 0.01 78
GABRG?2
T1158 1p34.3dup DLGAP3 1 35,350,603 35,371,014 20 3.29 3.22 0.05 16
T18349 5pl13.2del SLCIA43 5 36,608,549 36,686,391 78 -3.11 -3.13 0.01 42
T2217 9p22.2del SH3GL2 9 17,747,040 17,795,624 48 -3.81 -3.45 0.26 30
T2948 15q26.1del SV2B 15 91,769,498 91,835,683 66 -3.40 -3.35 0.03 54
T3729 9p24.1- SMARCA?2, 9 2,029,046 4,585,563 256 -3.70 -3.66 0.03 160
22.2del SLCIA1
T3729 9p22.2dup SH3GL2 9 17,747,040 17,795,624 49 2.72 3.11 0.27 30
T3810 1q32.1dup SYT2 1 202,565,899 202,574,761 89 6.33 5.45 0.62 22
T892 3q11.2dup EPHA6 3 96,706,202 97,467,516 761 3.54 3.16 0.27 72
T964 7q21.11del GNAII, 7 79,818,435 81,579,719 176 -3.69 -3.90 0.15 126
CACNA2DI
False-
Sample CNV Gene Chr Start Stop size(kb)  Notes
K5003-3 20q13.33del KCNQ2 20 62,037,996 62,103,816 66 insufficient coverage for
reliable CNV calling
T20847 7q21.11del SEMA3A 7 83,823,790 83,823,902 1 insufficient coverage for
reliable CNV calling
T3472 2q33.3del ADAM?23 2 207,308,590 207,310,248 17 insufficient coverage for
reliable CNV calling
T1962 4plo6del CPLX1 4 780,288 818,810 38 insufficient coverage for
reliable CNV calling
T439/438 7q21.11del CACNA2D, 7 79,764,470 82,072,774 2308 sample too noisy for reliable
GNAII CNV calling*

Footnotes: Coordinates are those detected by MIP-based CNV calling, or in the case of false negative samples, the
expected aberration coordinates obtained from array CGH. All coordinates are hg19 and the presented data excludes
the X chromosome. SD = standard deviation. *The number of called events in the sample exceeded 10 SDs from
mean calculated from the entire cohort.
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Table S8. Summary of epilepsy gene set and probes usable for copy number analysis.

Gene Usable Probes' Total Probes’ % Usable

ADAM?2?2 63 65 97
ADAM?23 41 53 77
ARX' 11 20 55
CACNA2DI 53 79 67
CDKL5" 49 50 98
CPLX]I 0 7 0
DLGAPI 31 40 78
DLGAP2 17 39 44
DLGAP3 8 40 20
EPHA6 36 53 68
GABRAI 20 22 91
GABRG?2 19 26 73
GNAII 10 17 59
GRIN24 40 56 71
KCNQ?2 0 44 0
MAPKS 18 23 78
OTX1 0 13 0
PCDH19" 35 39 90
SCN14 75 91 82
SCNIB 0 17 0
SCN24 70 81 86
SEMA3A 27 38 71
SH3GL2 15 18 83
SLCIAI 23 26 88
SLC1A43 21 24 88
SLC241 16 31 52
SMARCA2 57 76 75
SPTANI 87 120 73
STXBPI 35 40 88
SV24 24 32 75
SV2B 27 27 100
SYT?2 11 18 61
Total 939 1325 71

'"The number of probes that passed copy number quality control filtering.
*Includes 17 probes that overlap SNP locations and cannot be distinguished.
1X-linked loci were not included in final analysis.
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Table S9. Sensitivity and PPV for 357 epilepsy samples compared with array CGH under
various calling heuristics.

PPV Sensitivity Sensitivity True + False - False + Coverage
Condition (Precision) (Recall) (Recall) @ Below Probe
Covered Sites Threshold

526 0.23 0.64 0.90 9 5 31 4

528 0.56 0.64 0.90 9 5 7 4

53.0 0.75 0.64 0.90 9 5 3 4

6_2.6 0.56 0.64 0.90 9 5 7 4

6_2.8 0.75 0.64 0.90 9 5 3 4

6_3.0 0.82 0.64 0.90 9 5 2 4

7_2.6 0.69 0.64 0.90 9 5 4 4

728 0.90 0.64 0.90 9 5 1 4

7_3.0 0.90 0.64 0.90 9 5 1 4

8 2.6 0.75 0.64 0.90 9 5 3 4

8 2.8 0.90 0.64 0.90 9 5 1 4

8 3.0 0.90 0.64 0.90 9 5 1 4

9.2.6 0.82 0.64 0.90 9 5 2 4

928 0.90 0.64 0.90 9 5 1 4

9 3.0 0.90 0.64 0.90 9 5 1 4

10_2.6 0.82 0.64 0.90 9 5 2 4

10_2.8 0.90 0.64 0.90 9 5 1 4

10_3.0 0.90 0.64 0.90 9 5 1 4

Footnotes: Only autosomal probes were considered. We required true positive sites to be called in both replicates,
however, each only counted as a single site. At all sites the number of expected events was 14. At covered sites the
number of expected events is 10. The filtering thresholds are expressed as A B, where A is minimum number of
probes and B is average SVD adjusted Z-score of the calling window. Maximum values are bolded.
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Table S10. Copy number calls from MIP read depth from ASD2 probe set.

ID Type Array  Gene Chr  Call Start Call Stop Size* del/ Mean #Probes In Notes
Avail- dup Adjust DG
able ? -ed Z- v?
score

150-12639 NIMH N ARIDIB 6 157,150,408 157,528,997 378589  del -3.43 64 Y

150-10729 NIMH N CNOT4 7 135,047,867 135122985 75118 dup 3.37 26 N

150-12639 NIMH N MDM?2 12 69,202,218 69233663 31445 dup 3.11 20 N

150-12491 NIMH N PSEN1 14 73,614,699 73,685,914 71215 dup 3.34 17 N

150-12639 NIMH N USP15 12 62,654,223 62,798,044 143821  dup 2.71 30 N

11780.p1 Proband Y CNOT4 7 135,047,867 135,122,985 75118 dup 3.83 26 N confirmed
by array

13697.p1 Proband Y NLGNI 3 173,525,517 173,999,105 473588  dup 3.23 21 Y confirmed
by array

13529.p1 Proband Y PTEN 10 89,690,831 89,720,689 29858 dup 4.06 7 N not
supported
by array,
possible
pseudo-
gene
issue

12404.p1 Proband Y TBLIXRI 3 176,744,236 176,771,614 27378 dup 3.11 21 N confirmed
by array

*Size estimated only from coding probes.
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Table S11. Genes with recurrent de novo mutation in ASD probands.

Proband Sex  Gene Accession ~ Mut Assay' Chr Pos’ (hgl9) Ref Geno® HGVS Codons® Diagnosis NVIQ NlM}g5 Notes’
12688p1 M  ADCY5* NM 183357 ms MIP 3 123049782 C Y p.Ala534Thr 1262 autism 111 /Pi)?(:) R (6)
11653.p1 M ADCY5* NM 183357 ms EX 3 123046605 G R p.Arg603Cys 1262 autism 44 0/0
12130p1 F  ADNP*  NM 015339 fs  EX 20 49510027 * -TT/* p.Lys408ValfsX31 1103 autism 55 0/1
13545p1 M ADNP*  NM 015339 fs MIP 20 49509094 *  +T/* p.Tyr719X 1103 autism 38 0/1
14393.p1 F  ARIDIB* NM 020732 fs MIP 6 157510805 *  +C/* p.Glnl196ProfsX14 2250 autism 71 0/0
13447.p1 F ARIDIB* NM 020732 fs EX 6 157527664 * -TGTT/ p.Phel798LeufsX52 2250 autism 51 0/0
*
12714pl M CHDS8* NM 001170629 ns MIP 14 21899618 G S p.Ser62X 2582 autism 78 0/0
13986.p1 M  CHDS8* NM 001170629 fs MIP 14 21878133 *  +T/* p.Tyr747X 2582 autism 38 0/0
11654pl F  CHDS8* NM 001170629 sp MIP 14 21871373 T Y ¢.3519-2A>G 2582 autism 41 0/0 NR (4)
13844p1 M CHDS* NM 001170629 ns EX 14 21871178 G R p.GIn1238X 2582 autism 34 0/0
14016.p1 M  CHDS8* NM 001170629 ns MIP 14 21870169 G R p.Argl337X 2582 autism 92 0/0
12991.p1 M CHDS* NM 001170629 fs MIP 14 21861643 * -CTTC/ p.Glu2103ArgfsX3 2582 autism 67 0/0
*
12752p1 F  CHDS8* NM 001170629 fs EX 14 21861376 * -CT/* p.Leu2l20ProfsX13 2582 autism 93 0/0
14233.p1 M CHDS8* NM 001170629 fs MIP 14 21859175 *  +T/*  p.Asn2371LysfsX2 2582 autism 19 0/0
14406.p1 M CHDS8* NM 001170629 aa MIP 14 21854022 * -GGT/* p.His2498del 2582 autism 98 0/0
12211.p1 F CINNBI* NM 001098209 ns MIP 3 41275346 G R p.Trp504X 782 autism 57 0/0
12703.p1 M CTNNBI* NM 001098209 ms EX 3 41275757 C Y p.Thr551Met 782 autism 58 0/0
12099.p01 M DYRKIA* NM 001396 fs MIP 21 38845116 * -AT/*  p.lle48LysfsX2 764 autism 55 0/0  NR(4)
13890.p1 F DYRKIA* NM 001396 sp EX 21 38865466 G R c.1098+1G>A 764 autism 42 0/0
13552p1 M DYRKIA* NM 001396 fs MIP 21 38877833 *  -C/*  p.Alad498ProfsX94 764 autism 66 00  R(6)
11691.p1 M GRIN2B® NM 000834 fs MIP® 12 14019043 *  +G/*  p.Ser34GInfsX25 1485 autism 62 0/0 NR(3)
13932p1 M GRIN2B® NM 000834 ms MIP 12 13768560 C Y p.Cys456Tyr 1485 autism 55 0/0
12547p1 M GRIN2B' NM 000834 ns MIP* 12 13764762 C Y p.Trp559X 1485 autism 65 0/0
12681.p1 F  GRIN2B® NM 000834 sp EX 12 13722953 T Y ¢.2172-2A>G 1485 autism 65 0/0
11666.p1 M LAMC3  NM 006059 ms EX 9 133914290 A R p.Asp339Gly 1576 autism 51 1/4
11704p1 M LAMC3  NM 006059 ms MIP* 9 133952690 A R p.Tyr1249Cys 1576 autism 82 1/4
12532p1 M NTNGI NM 001113226 ms EX 1 107691283 A R p.Tyr23Cys 540 autism 110 0/0
11660.p1 F  NINGI NM 001113226 ms EX 1 107867061 C Y p.Thr135lle 540 autism 60 0/0
14433p1 M PITEN NM 000314 ms MIP 10 89692908 C Y p.Thri311le 404 autism 50 0/0
14611p1 M PTEN NM 000314 fs MIP 10 89692920 *  +A/* p.Cysl36MetfsX44 404 autism 33 0/0
11390.p1 F  PIEN NM 000314 ms EX 10 89711882 C M p.Thr167Asn 404 autism 77 0/0
12930.p1 M SBFI NM 002972 ms MIP 22 50901032 G R p.Arg695Trp 1894 autism 76 0/1 NR(9)
13793p1 M SBFI NM 002972 ms EX 22 50899030 T Y p.Thr1027Ala 1894 autism 56 0/1
12499.p1 M SCNIA* NM 001165963 ms EX 2 166848071 G R p.Pro1905Leu 2010 autism 67 1/0
12340.p1 F  SCNIA* NM 001165963 ms MIP® 2 166848006 T Y p.Argl927Gly 2010 autism 29 1/0  NR (4)
14569.p1 M SETD2  NM 014159 ms MIP 3 47166005 T % p.Ile41Phe 2565 asd 144 0/1
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Proband Sex  Gene Accession ~ Mut Assay’ Chr Pos’ (hgl9) Ref Geno’ HGVS Codons* Diagnosis NVIQ NIMI-E5 Notes’
12565.p1 F SETD?2 NM 014159 fs EX 3 47098932 * -T/* p-Asn21141lefsX33 2565 autism 79 /}3311)

11523 p1 M SGSM3 NM 015705 ms EX 22 40802589 C Y p-Arg370Cys 750 autism 85 0/5

12791 p1 M SGSM3 NM 015705 ms MIP 22 40804965 A R p-Asp644Gly 750 asd 127 0/5

12335.p1 F TBLIXRI* NM 024665 ms EX 3 176765107 A R p-Leu282Pro 515 autism 47 0/0

14612.p1 M TBLIXRI* NM 024665 fs MIP 3 176752047 * -A/* p-Ile397SerfsX19 515 autism 41 0/0

11480.p1 M TBRI' NM_006593 fs EX 2 162273322 * -C/* p.-Alal36ProfsX80 683 autism 41 0/0

13814.p1 M TBRI' NM 006593 ms MIP 2 162273603 A R p-Lys228Glu 683 autism 78 0/0

13796.p1 F TBRI' NM_006593 fs MIP 2 162275481 * +C/* p-Ser351X 683 autism 63 0/0 NR (4)
11006.p1 M  UBE3C* NM 014671 ms EX 7 157041114 C Y p-Ser845Phe 1084 autism 125 0/0

12851.p1 M UBE3C* NM 014671 ms  MIP 7 157049644 T K p-Phe996Cys 1084 autism 49 0/0 R (6)

'Primary assay that identified the variant

. *Chromosomal position in the human genome hgl9 assembly. For indels, the position
listed follows the SAMtools/VCF convention of listing the position prior to the event. *Genotypes listed are heterozygous using
IUPAC codes for SNVs. For indels, “*” indicates a copy of the reference allele, while the +/- indicates the sequence inserted or
deleted. *“Number of protein codons including stop. Number of observed nonsense, splice-site, or indel events in MIP-screened
NIMH samples. “Number of observed nonsense and splice-site events in the ESP6500 data release. 'If the proband was previously
exome sequenced. *Part of 49-member connected component reported in (3). "Part of expanded 74-member connected component.
“Variant reported in MIP screen from (3). Abbreviations: M-male, F-female, Mut-mutation type, fs-frameshifting indel, ns-
nonsense, sp-splice-site, aa-single amino acid deletion, ms-missense, NVIQ-nonverbal intellectual quotient, R-reported in cited
exome study, NR-not reported in cited exome study.
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Table S12. Fraction of nonsynonymous variants by class from SSC proband sequencing data.

missense nonsense/ | nonsense splice indel
splice/indel
SSC209 Exome rare' 0.93 0.07 0.03 0.01  0.04
SSC209 44 genes rare 0.96 0.04 0.01 0.00 0.03
SSCMIP 44 genes rare’ 0.97 0.03 0.01 0.01 0.01
SSC209 Exome de novo 0.80 0.20 0.09 0.02 0.09
SSC209 44 genes de novo  0.61 0.39 0.09 0.05 0.25
SSCMIP 44 genes de novo 0.37 0.63 0.15 0.04 044
Random (15) 0.84 0.16 0.04 0.04 0.08

'Exome sites from the 209 SSC probands previously published (2, 3). Rare defined as not present in 1,779 other
exomes (12). *MIP rare sites were not present in 1,779 other exomes and were also singletons in the MIP data set (i.e.,
not present in another proband or the 762 NIMH samples).

57



Table S13. Locus-specific mutation rate estimates for 44 genes.

Length

Mut rate per

Gene St mapped P e S e oS C1l s8I
to chimp mapped seq)
ADCYS5 15 3834 3958 3.91E-03 8.15E-09 3.80E-09 1.31E-08
ADNP 11 3321 3321 3.31E-03 6.90E-09 3.13E-09  1.13E-08
AP3B2 11 3353 3353 3.28E-03 6.83E-09 3.10E-09  1.12E-08
ARIDI1B 21 5284 6830 3.97E-03 8.28E-09 5.12E-09  1.18E-08
BRSK2 10 1398 2087 7.15E-03 1.49E-08 7.39E-09  2.39E-08
CHD7 19 9141 9142 2.08E-03 4.33E-09 2.50E-09  6.39E-09
CHDS 15 7904 7904 1.90E-03 3.95E-09 2.11E-09  6.07E-09
CNOTH4 5 2288 2291 2.19E-03 4.55E-09 9.09E-10  9.13E-09
CTNNB1 8 2402 2402 3.33E-03 6.94E-09 2.60E-09  1.30E-08
CUL3 6 2371 2371 2.53E-03 5.27E-09 1.75E-09  9.69E-09
CULS 4 2419 2419 1.65E-03 3.44E-09 8.60E-10  6.90E-09
DYRKIA 9 2420 2420 3.72E-03 7.75E-09 3.44E-09  1.38E-08
FOXP1 6 2267 2267 2.65E-03 5.51E-09 1.83E-09  1.01E-08
FOXPpP2 8 2379 2379 3.36E-03 7.01E-09 2.62E-09  1.23E-08
GRIN2A4 20 4443 4443 4.50E-03 9.38E-09 5.62E-09  1.36E-08
GRIN2B 15 4503 4503 3.33E-03 6.94E-09 3.70E-09  1.07E-08
HDGFRP2 20 1522 2084 1.31E-02 2.74E-08 1.63E-08  3.99E-08
HDLBP 17 3911 3911 4.35E-03 9.06E-09 4.78E-09  1.33E-08
LAMC3 40 4815 4840 8.31E-03 1.73E-08 1.21E-08  2.30E-08
MBDS5 20 4525 4525 4.42E-03 9.21E-09 5.52E-09  1.34E-08
MDM?2 3 1538 1538 1.95E-03 4.06E-09 0 8.14E-09
NLGNI 12 2492 2492 4.82E-03 1.00E-08 5.00E-09  1.59E-08
NOTCH3 42 6049 7098 6.94E-03 1.45E-08 1.03E-08  1.90E-08
NR4A42 4 1821 1821 2.20E-03 4.58E-09 1.14E-09  1.03E-08
NTNG! 1782 1782 1.12E-03 2.34E-09 0 5.86E-09
OPRLI1 12 500 1125 2.40E-02 5.00E-08 2.47E-08  8.03E-08
PDCDI1 13 591 887 2.20E-02 4.58E-08 2.09E-08  7.13E-08
PSEN1 2 1444 1444 1.39E-03 2.89E-09 0 7.23E-09
PTEN 2 1248 1248 1.60E-03 3.34E-09 0 8.37E-09
RPS6KA3 3 2108 2311 1.42E-03 2.96E-09 0 6.93E-09
RUVBLI 1 1415 1415 7.07E-04 1.47E-09 0 4.42E-09
SBF1 40 5843 5846 6.85E-03 1.43E-08 1.03E-08  1.89E-08
SCN14 26 6134 6134 4.24E-03 8.83E-09 5.43E-09 1.22E-08
SESN2 10 1443 1483 6.93E-03 1.44E-08 5.75E-09  2.47E-08
SETBP1 18 5004 5004 3.60E-03 7.49E-09 4.16E-09  1.13E-08
SETD2 31 7704 7779 4.02E-03 8.38E-09 5.67E-09  1.14E-08
SGSM3 12 2190 2334 5.48E-03 1.14E-08 5.69E-09  1.81E-08
TBLIXRI 1 1601 1601 6.25E-04 1.30E-09 0 3.91E-09
TBRI1 4 2073 2073 1.93E-03 4.02E-09 1.00E-09  8.06E-09
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Length

Mut rate per

Gene St mapped P e S e oS C1l 958 I
to chimp mapped seq)

TSPAN17 6 944 1035 6.36E-03 1.32E-08 4.40E-09 2.44E-08
UBE3C 9 3274 3344 2.75E-03 5.73E-09 2.54E-09  1.02E-08
USPI15 9 2943 2943 3.06E-03 6.37E-09 2.83E-09  1.06E-08

ZBTB41 6 2770 2770 2.17E-03 4.51E-09 1.50E-09  8.29E-09

ZNF420 5 2079 2079 2.41E-03 5.01E-09 1.00E-09  1.00E-08

"We assumed a divergence time between human and chimpanzee of 12 million years ago and an average generation
time of 25 years. '95% confidence interval based on 1,000 bootstraps.
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Table S14. De novo variants identified in SSC unaffected sibling exome data and rare, severe
variants identified in NIMH cohort and Exome Sequencing Project (ESP) in the 44 targeted

cnes.
gSample Type Gene Mut Chr Pos (hgl9)' Ref Allele Validation ESP* ESP* Study
Type Status #Het #Homo Ref

13094.s1  sibling CNOT4 ms 7 135078802 G A Not Attempted NA NA Tossifov
12926.s1  sibling SESN2 syn 1 28601365 G A Not Attempted NA NA Iossifov
150-12552 NIMH FOXP2 sp 7 114271582 G C Validated NA NA
150-10273 NIMH HDGFRP2 fs 19 4491807 & +C Validated NA NA
150-10140 NIMH LAMC3 fs 9 133914337 * -G Validated NA NA
150-13048 NIMH SCN14 ns 2 166901591 G A Validated 0 6503
150-12952 NIMH USP15 ns 12 62798045 C T Validated 1 6502
150-13699 NIMH  ZNF420 ns 19 37619669 T A Validated 1 6502
unknown ESP ADNP ns 20 49510170 G A Not Attempted 1 6502
unknown ESP CULS5 ns 11 107920788 C T Not Attempted 1 6496
unknown ESP HDLBP ns 2 242195646 G A Not Attempted 1 6502
unknown ESP LAMC3 ns 9 133914634 A T Not Attempted 1 6502
unknown ESP LAMC3 sp 9 133942593 G A Not Attempted 2 6501
unknown ESP LAMC3 ns 9 133954629 C T Not Attempted 1 6502
unknown ESP SBF1 sp 22 50904578 C T Not Attempted 1 6328
unknown ESP SESN2 sp 1 28599305 G C Not Attempted 1 6500
unknown ESP SETBPI sp 18 42449194 G A Not Attempted 2 6501
unknown ESP SETD2 ns 3 47079170 C A Not Attempted 1 6502
unknown ESP SGSM3 ns 22 40803844 C T Not Attempted 1 6502
unknown ESP SGSM3 sp 22 40804279 A T Not Attempted 1 6501
unknown ESP SGSM3 ns 22 40805375 C T Not Attempted 2 6501
unknown ESP SGSM3 sp 22 40805530 G A Not Attempted 1 6502
unknown ESP TSPAN17 ns 5 176074632 C T Not Attempted 1 6495
unknown ESP TSPANI7 ns 5 176078811 G A Not Attempted 1 6502
unknown ESP TSPAN17 ns 5 176081914 C T Not Attempted 1 6502
unknown ESP USP15 ns 12 62798045 C T Not Attempted 1 6502
unknown ESP ZBTB41 ns 1 197128671 G A Not Attempted 1 6502
unknown ESP ZNF420 ns 19 37581953 C A Not Attempted 1 6502
unknown ESP ZNF420 ns 19 37618182 G T Not Attempted 1 6502
unknown ESP ZNF420 ns 19 37619669 T A Not Attempted 1 6502

'Chromosomal position in the human genome hg19 assembly. Indel positions follow the SAMtools/VCF convention of
listing the position before the event. “ESP call set does not include indels. Number of heterozygous and homozygous
reference individuals from the ESP6500 release (http://evs.gs.washington.edu/EVS/). Abbreviations: syn-synonymous,
fs-frameshifting indel, ns-nonsense, sp-splice-site, ms-missense.
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Table S15. Inherited truncation/splice events identified in ASD probands.

Proband Sex Gene Accession Mut Origin' Chr  Pos’ Ref Geno’ HGVS Codons* Diagnosis NVIQ NIMH”/ Sib’
(hgl9) ESP*
12652.p1 M ADCY5* NM 183357 fs fa 3 123166430 *  -T/*  p.GIn321ArgfsX56 1262  autism 79 0/0  sI-NT
12707.p1 M ADNP*  NM 015339 fs mo 20 49507971 * +GG/* p.Glyl094ProfsX5 1103  autism 90 0/1 s2-T
11255p1 M AP3B2  NM 004644 fs mo 15 83357565 * -AT/*  p.Tyr94CysfsX8 1083  autism 108 0/0  s2-NT
13704pl M CHD7*  NM 017780 fs mo 8 61777890 *  -T/* pLeu2798ArgfsX19 2998  autism 93 0/0 NA
14023.p1 M CHD7*  NM 017780 fs fa 8 61778440 *  +A/*  p.Asp2982ArgfsX4 2998  autism 69 0/0  sI-NT
12389.p1 M CNOT4 NM 001190850  sp fa 7 135095264 C Y c.821+1G>A 714 autism 94 0/0 NA
13680.p1 M DYRKIA* NM 101395 sp- fa 21 38878659 T K c.*¥47+2T>G 585  autism 76 0/0  sI-NT
14595p1 M FOXP2  NM_148900° SI%ST . fa 7 114269648 *  +T/* plLeul35PhefsX148 733  autism 79 1/0  sI-NT,
14316.p1 M LAMC3  NM_006059 sp fa 9 133911720 G S ¢.976+1G>C 1576  autism 72 1/4 i¥
14404pl M LAMC3  NM_006059 ns mo 9 133932503 T w p.Cys709X 1576 autism 20 /4 sI-T
14144pl F LAMC3  NM 006059 fs mo 9 133942353 *  -C/* p.Cys786ValfsX98 1576  autism 54 1/4 NA
11298 p1 M LAMC3  NM_006059 ns mo 9 133954629 C Y p.Argl291X 1576 autism 132 1/4  sI-NT
11797.p1 M MBD5  NM 018328 sp mo 2 149243521 T w ¢.3054+2T>A 1495  autism 117 0/0  sl-T
12517p1 M PTEN  NM 000314 ns mo 10 89717615 C Y p.GIn214X 404  autism 41 0/0  sI-NT
13811.pl M SBFI NM_002972 ns mo 22 50904837 G R p.GIn244X 1894 aspergers 100 0/1 NA
14012.p1 M SETBPI ~ NM 015559 ns mo 18 42643634 C Y p.Argl588X 1597  autism 94 02 sI-NT
12736.p1 M SETD2  NM 014159 ns mo 3 47205396 G R p.GIn7X 2565  autism 111 0/1  sI-NT
13783.p1 M SETD2  NM 014159 ns fa 3 47164944 A w p.Cys394X 2565 asd 79 0/1 NA
13625.p1 M SGSM3  NM_015705 sp fa 22 40802668 T Y ¢.1185+2T>C 750  autism 100 0/5  sl-T,
12637.p1 M SGSM3 ~ NM_015705 sp fa 22 40804702 G R c.1853+1G>A 750 asd 110 0/5 :?ﬁ
11494pl M TSPANI7 NM 012171 ns mo 5 176074644 G K p.Glul0X 333 autism 107 0/3  sI-NT
14096.p1 M UBE3C* NM 014671 fs mo 7 156979599 *  +A/*  p.Asn406LysfsX47 1084  autism 75 0/0  sI-NT
14557.p1 M ZNF420  NM_144689 ns fa 19 37619946 C Y p.GIn685X 689  autism 104 1/3  sI-NT

'Parent that carried the variant. “Chromosomal position in the human genome hgl9 assembly. For indels, the position listed follows
the SAMtools/VCF convention of listing the position prior to the event. *Genotypes listed are heterozygous using IUPAC codes for
SNVs. For indels, “*” indicates a copy of the reference allele, while the +/- indicates the sequence inserted or deleted. “Number of
protein codons including stop. *Number of observed nonsense, splice-site, or indel events in MIP-screened NIMH samples. “Number
of observed nonsense and splice-site events in the ESP6500 data release. 'Unaffected sibling carrier status. *Part of 49-member
connected component reported in (3). "Variant only affects an alternative protein isoform. Abbreviations: Mut-mutation type, fs-
frameshifting indel, ns-nonsense, sp-splice-site, sp-3'UTR-splice-site of a 3' translated region exon, ms-missense, fa-father, mo-mother,
sl-unaffected sibling 1, s2-unaffected sibling 2, NVIQ-nonverbal intellectual quotient, NT-not transmitted, T-transmitted, NA-not
available.
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Table S16. Rare (<0.1%) copy number calls intersecting with Tables S11 and S15 probands.

MIP detected variants Rare and de novo CNVs
Sample Gene Mut Mut Study Chr Start Stop (hg18) Size CNV  Probes/ CNV Notes
Type Origin (hg18) (kb) Type Exons Origin
11653.p1  ADCYS ms DN Sanders 3 147,649,939 119 Dup 36 Pat Rare
147,530,802
11653.p1  ADCYS5 ms DN Sanders 22 39,907,910 39,957,019 49 Dup 24 Pat Rare
12130.p1 ADNP fs DN Sanders 5 112,974,949 36 Dup 23 Mat Rare
112,939,064
12130.p1 ADNP fs DN | Exome 10 133,611,285 614 Dup 7 Mat Rare
CNV 132,997,405
12991.p1 CHDS8 fs DN HS3.1 5 2,427,405 3,219,216 792 Dup NA Mat Rare
CGH
14016.p1 CHDS8 ns DN HS3.1_ 6 189,784 2,673,615 2,484 Dup NA DN Duplication of ATR-
CGH 16 Deletion Locus.
13844.p1 CHDS8 ns DN Exome 10 3,114,579 3,811,782 697 Del 49 Mat Associated with
CNV nominally significant
genes in (/4).
12752.p1 CHDS8 fs DN | Exome 11 99,684,300 100,309,201 625 Dup 12 Mat Rare
CNV
13844.p1 CHDS8 ns DN |Exome 13 22,675,833 22,722,856 47 Dup 3 Mat Rare
CNV
13844.p1 CHDS8 ns DN | Exome 17 4,157,064 4,336,627 180 Del 12 Pat Rare
CNV
12211.p1 CTNNBI ns DN Levy 8 53,573,143 53,983,978 411 Dup NA Mat Rare
12211.p1  CTNNBI ns DN HS3.1 11 107,757,732 24 Dup NA Pat Rare
CGH 107,733,766
12211.p1 CTNNBI ns DN Sanders 14 20,885,048 20,945,327 60 Del 28 UNK Rare
13890.p1 DYRKIA sp DN | Exome 1 218,168,405 526 Dup 5 Pat Rare
CNV 217,642,150
13890.p1 DYRKIA sp DN HS3.1 6 88,898,857 88,910,225 11 Dup NA Mat Rare
CGH
12099.p1 DYRKIA fs DN Sanders 10 134,950,336 25 Del 28 Mat Associated with
134,924,912 nominally significant
genes in (/4).
12681.p1  GRIN2B sp DN Sanders 16 75,420,309 75,878,106 458 Dup 233 Mat Rare
11704.p1 LAMC3 ms DN Sanders X 49,068,067 49,256,601 189 Dup 25 UNK No Case-Control
Data
11704.p1  LAMC3 ms DN Sanders X 148,859,781 209 Dup 38 UNK No Case-Control
148,650,868 Data
11704.p1  LAMC3 ms DN Sanders X 152,184,470 205 Dup 38 UNK No Case-Control
151,979,017 Data
11704.p1  LAMC3 ms DN Sanders X 153,149,289 78 Dup 25 UNK No Case-Control
153,071,710 Data
11660.p1  NTNGI ms DN Sanders 2 110,583,308 373 Del 82 Mat NPHPI Het
110,210,164 Deletion
11390.p1 PTEN ms DN Sanders 2 142,715,864 162 Del 64 UNK Rare
142,554,362
11390.p1 PTEN ms DN Sanders 2 159,111,588 136 Del 38 UNK Rare
158,975,179
11390.p1 PTEN ms DN Sanders 4 62,108,499 62,215,442 107 Del 24 UNK Rare
11390.p1 PTEN ms DN Sanders 4 163,127,283 76 Del 28 UNK Rare
163,051,156
11390.p1 PTEN ms DN Sanders 5 19,495,583 19,597,571 102 Del 72 UNK Rare
11390.p1 PTEN ms DN Sanders 12 85,203,291 85,463,148 260 Del 59 UNK Rare
11390.p1 PTEN ms DN Sanders X 134,758,278 198 Dup 37 Pat No Case-Control
134,560,640 Data
12930.p1 SBF1 ms DN Sanders 2 68,612,975 68,707,845 95 Del 30 UNK Rare
12930.p1 SBF1 ms DN Sanders X 49,079,323 49,246,642 167 Dup 23 UNK No Case-Control
Data

62



MIP detected variants Rare and de novo CNVs
Sample Gene Mut Mut Study Chr Start Stop (hg18) Size CNV  Probes/ CNV Notes
Type Origin (hg18) (kb) Type Exons Origin
12499.p1  SCNI4 ms DN Levy 3 81,499,246 81,978,405 479 Dup NA Mat Rare
12499.p1  SCNIA4 ms DN | Sanders 5 1,783,637 1,925,329 142 Dup 104 Mat Rare
12340.p1 SCNIA4 ms DN Sanders X 134,675,472 232 Dup 59 Mat No Case-Control
134,443,514 Data
12565.p1  SETD2 fs DN | Sanders X 49,068,067 49,246,642 179 Dup 24 Both No Case-Control
Data
12791.p1  SGSM3 ms DN Levy 8 156,591 362,890 206 Dup NA Pat Rare
11480.p1 TBRI1 fs DN | Sanders 6 26,077,937 26,375,779 298 Dup 237 Pat Rare
13796.p1 TBRI fs DN HS3.1_ 7 65,180,000 65,320,000 140 Del NA Mat Rare
CGH
12851.p1  UBE3C ms DN | Sanders 8 68,839,122 69,073,722 235 Del 96 Pat Rare
12851.pl UBE3C ms DN Sanders 11 133,851,329 182 Dup 120 Pat Rare
133,669,828
11255.p1  AP3B2 fs Mat | Sanders 2 86,140,891 86,363,012 222 Dup 128 Mat Rare
11255.p1  AP3B2 fs Mat | Sanders 6 88,898,873 88,923,095 24 Dup 21 Pat Rare
11255.p1  AP3B2 fs Mat | Sanders 13 19,372,771 19,443,150 70 Dup 20 Pat Rare
14023.p1 CHD7 fs Pat HS3.1_ 16 29,425,000 30,275,000 850 Dup NA DN 16p11.2 Duplication
CGH
12517.p1 PTEN ns Mat | Sanders X 132,515,319 416 Dup 130 UNK No Case-Control
132,098,972 Data
13783.p1  SETD2 ns Pat HS3.1_ 3 1,069,303 1,447,670 378 Dup NA UNK Rare
CGH
12736.p1  SETD2 ns Mat | Sanders 16 29,554,843 30,170,811 616 Dup 324 DN 16p11.2 Duplication
12637.p1  SGSM3 sp Pat Sanders 11 48,431,847 48,588,099 156 Dup 48 Pat Rare
11494.p1 TSPAN17 ns Mat Levy 9 114,826,318 70 Del NA Mat Rare
114,756,013
11494.p1 TSPANI7 ns Mat | Sanders 13 40,188,779 40,223,018 34 Dup 21 Pat Rare
11494.p1 TSPAN17 ns Mat | Sanders 18 28,823,161 28,938,002 115 Del 29 UNK Rare
11494.p1 TSPANI7 ns Mat | Sanders 19 54,088,549 54,130,175 42 Del 32 Pat Rare

Calls from Sanders et al., Levy et al., O’Roak et al. (Exome CNV) and unpublished array CGH data (HS3.1_CGH) (3, 47, 70).
Regions associated with genomic disorders are bold in the notes column. Regions found to intersect nominally significant
genes from the developmental delay morbidity map are indicated (/4). Abbreviations: DN-de novo, Mat-maternal, Pat-paternal,
UNK=unknown, syn-synonymous, fs-frameshifting indel, ns-nonsense, sp-splice-site, ms-missense.
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Table S17. Head circumference Z-score means and standard deviations for the SSC cohort.
Full Sample Mean' Std.
Deviation

Siblings 0.68 1.21

Fathers 0.82 1.06

CHDS trunc/splice (8 families)

Siblings 1.14 0.96

Fathers 1.19 0.63

Proband -2.72 1.07

Mothers 0.91 0.81

Values are standardized head circumference Z-scores calculated using norms
established by Roche (3/) to account for age and gender. As such, the
reference population mean is 0 and standard deviation is 1.
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Table S18. Other de novo variants identified in published SSC exome sequencing studies
intersecting with Tables S11 and S15 probands.

MIP detected variants

Other exome de novo mutations

Proband  Gene Mut Mut Exome DNV
Type Origin Study
12688.p1  ADCYS5 ms DN lossifov none
11653.p1  ADCYS5 ms DN O'Roak ST3GAL3:ms
12130.p1  ADNP fs DN O'Roak none
13447.p1  ARIDIB fs DN O'Roak none
11654.p1  CHDS sp DN Sanders none
13844.p1  CHDS ns DN O'Roak CUBN:ns, TRAPPCS8:syn
12752.p1  CHDS fs DN O'Roak ETFB:ns, IQGAP2:ns
12703.p1  CTNNBI ms DN O'Roak INPP5B:ms
12099.p1  DYRKIA fs DN Sanders none
13890.p1  DYRKIA sp DN O'Roak MSHG6:ms
13552.p1 DYRKIA fs DN lossifov KIF18A4:ms, ALMSI:ms
11691.p1  GRIN2B fs DN O'Roak AMY2B:ms
12681.p1  GRIN2B sp DN O'Roak EPHBG6:syn
11666.p1  LAMC3 ms DN O'Roak none
12532.p1  NINGI ms DN O'Roak NAA40:ms, FRYL:ms, C9orf30:sym
11660.p1  NTNG! ms DN O'Roak CACNAIA:syn
11390.p1  PTEN ms DN O'Roak none
12930.p1  SBFI ms DN Tossifov STK11I:ms
13793.p1  SBFI ms DN O'Roak PCDHB4:ms
12499.p1 SCNIA ms DN O'Roak SYNEI:ms, PLCDI:syn
12340.p1  SCNIA ms DN Sanders PPMI1D:ns, BCORLI:ms
12565.p1  SETD?2 fs DN O'Roak none
11523.p1  SGSM3 ms DN O'Roak none
12335.p1  TBLIXRI ms DN O'Roak STK36:ms
11480.p1  TBRI fs DN O'Roak IRF2BPL:ms, SLC40A41:syn
13796.p1  TBRI fs DN Sanders none
11006.p1  UBE3C ms DN O'Roak PKDIL3:syn, NDST4:syn
12851.p1 UBE3C ms DN Tossifov SLC25429:ms, APOB:syn, HMUGXB3:ms
12652.p1  ADCYS fs Pat Tossifov SPATAI13:As, SWAP70:ms, CDC34:syn
11298 p1  LAMC3 ns Mat Sanders SLC6A13:ms
11797.p1  MBDS5 sp Mat Sanders C2orf42:ms
12736.p1  SETD?2 ns Mat Sanders RPRDIA:syn
13625.p1  SGSM3 sp Pat Sanders none
12637.p1  SGSM3 sp Pat Tossifov RHOT2:ms, RNPEPLI:ms

Calls from O’Roak et al., Sanders et al., and Iossifov et al. (3, 4, 6).
Abbreviations: DNV-de novo variant, DN-de novo, Mat-maternal, Pat-paternal, syn-synonymous, fs-frameshifting

indel, ns-nonsense, sp-splice-site, ms-missense.
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