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A U T I S M

A method to delineate de novo missense variants 
across pathways prioritizes genes linked to autism
Amanda Koire1,2,3,4, Panagiotis Katsonis5, Young Won Kim6, Christie Buchovecky5,7,  
Stephen J. Wilson8, Olivier Lichtarge1,5,8*

Genotype-phenotype relationships shape health and population fitness but remain difficult to predict and inter-
pret. Here, we apply an evolutionary action method to de novo missense variants in whole-exome sequences of 
individuals with autism spectrum disorder (ASD) to unravel genes and pathways connected to ASD. Evolutionary 
action predicts the impact of missense variants on protein function by measuring the fitness effect based on phy-
logenetic distances and substitution odds in homologous gene sequences. By examining de novo missense vari-
ants in 2384 individuals with ASD (probands) compared to matched siblings without ASD, we found missense 
variants in 398 genes representing 23 pathways that were biased toward higher evolutionary action scores than 
expected by random chance; these pathways were involved in axonogenesis, synaptic transmission, and neuro-
development. The predicted fitness impact of de novo and inherited missense variants in candidate genes 
correlated with the IQ of individuals with ASD, even for new gene candidates. Taking an evolutionary action 
method, we detected those missense variants most likely to contribute to ASD pathogenesis and elucidated their 
phenotypic impact. This approach could be applied to integrate missense variants across a patient cohort to iden-
tify genes contributing to a shared phenotype in other complex diseases.

INTRODUCTION
The relationship between genotype and phenotype can be difficult 
to predict and interpret. This presents particular challenges when 
interpreting mutations of complex diseases like autism spectrum 
disorder (ASD), which is both phenotypically and genetically het-
erogeneous. Some predictions place the number of genes involved 
in ASD pathogenesis in the hundreds (1, 2) to thousands (3–5), and 
the highly multigenic nature of the disorder means that few caus-
ative genes can be identified through an excess of mutations. In the 
absence of any single gene responsible for the majority of ASD cas-
es, the most commonly mutated genes each account for about 2% of 
the cases (6, 7). To explain additional cases, it is critical to expand 
analysis to interpret the collectively large number of variants in 
rarely mutated genes.

Although ASD has many implicated contributing factors, in-
cluding environment (8, 9), common polymorphisms (10), and in-
herited rare variants (11), de novo variants in particular are suspected 
to be enriched as a class for causative mutations because they have 
not been subjected to generations of evolutionary selection. Analy-
sis of de novo mutations in ASD has largely focused on copy num-
ber variants (CNVs) (12–14), single-nucleotide variants (SNVs) 
resulting in an obvious loss of function (LOF) (15–17), and genes 
with a detectably elevated mutation rate (18, 19). Far less attention 
has been paid to the role of missense variants on genes with low 
mutation rates, with such analyses limited to genes already implicated 

in ASD or in ASD-related pathways (20). The overall role of mis-
sense variants in driving phenotype severity has also remained 
unclear. Whereas strong links between mutation and lower patient 
intelligence quotient (IQ) have been detected for LOF de novo vari-
ants (16, 21)—defined by the combined class of nonsense, frame-
shift, and splice-site mutations—studies have not yet been able to 
link missense mutations to the same patient presentations on a 
large scale and without prior knowledge of ASD-associated genes 
(16). However, individuals with ASD are more likely to carry a de 
novo missense variant than either a de novo LOF or a de novo CNV 
(16), so the prioritization and interpretation of these variants are 
paramount, especially if they are revealed to be an important and 
understudied source of driver events.

Here, we prioritized rarely mutated, potentially causative ASD 
genes by their de novo missense variants alone. Without making 
any a priori assumptions of which genes or pathways drive ASD, we 
tested whether groups of functionally related genes were biased to-
ward high-impact variants. Interpreting the variant effects on pro-
tein function is challenging (22, 23) and subject to disagreement 
between different methods of variant impact prediction (24). To 
estimate the impact of each variant, we first used the evolutionary 
action equation (25), a state-of-the-art prediction method that was 
consistently assessed to be one of the best methods in the objective, 
blind contests of the Critical Assessment of Genome Interpretation 
community (26, 27). Briefly, the evolutionary action equation mod-
els the genotype-to-phenotype relationship to first-order approxi-
mation with an equation that equates the functional impact of a 
mutation on fitness to the product of the functional importance of 
the mutated residue and the amino acid dissimilarity of the substi-
tution. It is well suited for considering variants from groups of 
genes in aggregate because its scoring system for variants has built-in 
normalization for gene selection pressure. To quantify mutational 
bias in pathways, we considered the evolutionary action scores over 
the de novo missense mutations of functionally related genes across 
all individuals with ASD in our cohort. This integrative approach 
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detected nonrandom mutational patterns indicative of proband- 
specific selection of missense variants associated with axonogene-
sis, synaptic transmission, and other neurodevelopmental pathways. 
In the genes prioritized by this approach, both missense de novo 
variants and rare inherited missense variants correlated with pa-
tient IQ, demonstrating a direct relationship to patient phenotype. 
We concluded that evolutionary action integration in pathways detected 
some missense variants that could contribute to ASD pathogen-
esis, with implications for prioritizing genes and variants in ASD.

RESULTS
Characterization of the de novo missense variant class 
in ASD probands
We first assessed whether de novo missense variants in 2384 indi-
viduals with ASD have, as a class, a distinct and more impactful 
variant profile compared to random expectation or those in matched 
siblings without ASD. Across 2384 individuals with ASD, we iden-
tified 1418 missense variants affecting 1269 unique genes and anno-
tated the impact of the variants using evolutionary action scores 
(table S1). Close to half of the probands (43.9%) carried a de novo 
missense variant, and the observed de novo missense mutation 
prevalence was 0.59 per proband, similar to the rates reported by 
Neale et al. (28) (0.58 per proband) and Sanders et al. (18) (0.55 per 
proband). Across 1792 unaffected siblings, we identified 976 mis-
sense variants affecting 911 unique genes (table S2). Compared to 
their matched unaffected siblings, probands had more de novo mis-
sense variants, consistent with previous studies (16), and even after 
filtering to exclude genes with more than three variants, this differ-
ence remained significant (difference of 6.25%, P = 0.016). The 
average predicted impact of all missense variants in probands was 
not significantly different from what would be expected by random 
mutagenesis (z score, +0.13; Fig. 1A), indicating no evidence of 
selection. This finding is consistent with the very low fraction of 

expected ASD driver variants, as indicated by the fraction of exces-
sive variants in probands compared to their healthy siblings and 
also suggested in previous studies (17). For the healthy siblings, this 
difference was significant (P  =  0.03), indicating selection against 
pathogenic variants, which may be due to the lack of disease driver 
variants in these individuals. Comparing evolutionary action distri-
butions of de novo missense variants in probands with their healthy 
matched siblings showed a small difference that did not reach sig-
nificance (P = 0.23; Fig. 1B), suggesting a broad spectrum of fitness 
effects for the variants that drive ASD, which agrees with previous 
conclusions that these drivers involve mild effects (17). These re-
sults suggest that the landscape of de novo missense variants over all 
individual genes in patients with ASD is similar to that of the 
matched siblings and dominated by mutations with relatively mild 
impact on protein fitness.

However, network analysis of the 1269 genes in which de novo 
missense variants occurred in the patient group exposed an under-
lying nonrandom signal within this class of variants. Affected genes 
had significantly more protein-protein interactions in the STRING 
(Search Tool for Retrieval of Interacting Genes/Proteins) database 
(29) than would be expected by chance (P = 7.3 × 10−12), and hun-
dreds of Gene Ontology (GO) biological processes were significantly 
enriched. For the matched siblings, the protein-protein interaction 
enrichment was barely significant (P  =  0.045). However, the vast 
majority of genes (1195 of 1269 genes) under consideration exhibited 
these network features (fig. S1A). A gene-centric interaction or en-
richment approach is fundamentally limited in its ability to isolate 
the detected signal or stratify candidate genes; of the 1269 genes 
affected by de novo missense variants, 86% interacted with another 
in the set compared to 79% expected by chance, and there was no 
way to identify which genes were the excess driving the significance 
(fig. S1B). For these reasons, a complementary approach to evaluating 
events within the missense variant class was necessary to extricate a 
causative subset of genes and variants.

Fig. 1. The impact of missense variants in 
probands and matched siblings. (A) The im-
pact of de novo missense variants in probands 
and matched siblings without ASD is compared 
to random nucleotide changes. The average 
evolutionary action score of all de novo missense 
variants is superimposed upon the distribution 
of averages produced by 10,000 simulations of 
1418 randomly selected coding missense vari-
ants for probands (top plot) and 976 randomly 
selected coding missense variants for matched 
siblings (bottom plot). (B) The impact of mis-
sense variants is compared between patients 
with ASD and matched siblings. The distribu-
tion of evolutionary action scores for missense 
variants in patients with ASD (black) compared 
to matched siblings (gray) is represented by 
violin plots with the center dot indicating the 
median and the center bar indicating the 25th 
to 75th percentiles of the data. The plots were 
compared statistically using a two- sample 
Kolmogorov-Smirnoff test. D
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Prioritization of de novo missense variants using variant-
centric pathway analysis
To pinpoint the source of the interaction signal within the de novo 
missense class and meaningfully prioritize a subset of the missense 
de novo variants and their associated genes, we therefore pursued a 
variant-centric approach in which we examined patterns of variant 
impact across functionally related groups of genes. Genes were 
grouped by ontology using the software tool GO2MSIG (30), yield-
ing 368 pathways encompassing 15,310 total genes (table S3); vari-
ant impact was annotated with the evolutionary action method, 
producing impact scores on a continuous scale between 0 (mini-
mum predicted impact) and 100 (maximum predicted impact). For 
the 1792 individuals with ASD with matched siblings without ASD, 
1037 de novo missense variants across 960 genes in probands and 
976 de novo missense variants across 911 genes in the healthy sib-
lings were considered (after we focused on genes with three or fewer 
missense mutations to avoid false discovery of pathways due to a 
single important gene). From these, 860 de novo missense variants 
across 796 genes in probands and 776 de novo missense variants 
across 725 genes in healthy siblings were assigned to the pathways. 
For each pathway, the evolutionary action score distribution of the 
de novo variants within the pathway was compared to the evolu-
tionary action distribution of all other de novo variants in those 
with ASD. Pathways that displayed a bias toward high-impact vari-
ants and remained significant after multiple hypothesis testing were 
considered to be of interest, and genes that were affected by de novo 
variants and present in a significant pathway were considered pri-
oritized genes. This approach revealed 23 significant pathways in 
the probands, with functions that demonstrated clear ties to ner-
vous system development, including axonogenesis and synaptic 
transmission (Fig. 2A and table S4). For example, in the synaptic 

transmission pathway, 49 mutations contributed from 43 individual 
genes produced a variant impact distribution statistically (P = 6.95 
× 10−4, q = 0.037) and visibly biased to higher evolutionary action 
scores (Fig. 2B). As a control, the same process was repeated using 
all 976 de novo missense variants from the matched siblings; no 
pathways exhibited significant bias toward high functional impact 
(Fig. 2C). For subsequent analysis, genes falling into pathways with 
significant evolutionary action bias toward high-impact mutations 
were grouped together into a single set of 398 prioritized genes, and 
all other 562 genes with de novo missense variants were considered 
deprioritized (table S5). An independent cohort of 5134 individuals 
with ASD [DB6 release of MSSNG (31)] had 933 de novo missense 
variant calls in any of the 23 prioritized pathways, and these variants 
were biased to higher evolutionary action impact compared to the 
1389 de novo missense variants in the rest of the genes (P < 0.0001). 
This result validated our conclusion that individuals with ASD have 
de novo missense variants that affected the function of the priori-
tized gene pathways.

Evolutionary action burden of de novo missense variants 
in prioritized genes correlates with phenotypic severity
To determine whether prioritizing genes according to their evolu-
tionary action distributions in pathways provides a meaningful 
stratification between causative and noncausative genes, the vari-
ants in the prioritized genes were tested for their relationship to pa-
tient phenotypic presentation, defined here by IQ. This analysis was 
performed only for the probands because of the lack of IQ informa-
tion for the unaffected siblings. The capacity of evolutionary action 
scores alone to predict patient phenotypic presentation within this 
prioritized gene set was tested by comparing the clinical presenta-
tion of male patients included in the initial analysis who were affected 
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Fig. 2. Prioritization of de novo missense variants using variant impact on pathways. (A) Hierarchical clustering of the 23 prioritized pathways is shown. For the 398 
genes with missense variants that were associated with at least one relevant pathway, a matrix was created to denote whether the gene was (red) or was not (gray) a 
component of the pathway. Pathways were then grouped according to their patterns of affected genes via hierarchical clustering performed by GENE-E. (B) Evolutionary 
action score distribution for the synaptic transmission pathway is shown. Evolutionary action scores for the proband variants (red) and matched sibling variants (black) in 
this pathway were binned in deciles and represented as histograms. (C) Significance of all tested pathways in cohorts of patients with ASD and their matched siblings is 
presented. Each point represents 1 of the 368 tested pathways and is connected with a line to the same pathway in the matched cohort. The q = 0.1 significance threshold 
after false discovery rate (FDR) correction is represented as a dashed red line.
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by different de novo missense variants in the same candidate gene. 
Although female probands with de novo missense mutations in pri-
oritized genes contributed a minority of the data, they were highly 
disproportionately represented at low IQ and were analyzed sepa-
rately from male patients to prevent confounding based on gender. 
When more than one phenotyped patient had a de novo missense 
variant in a given prioritized gene, the higher evolutionary action 
variant within the gene correctly predicted the patient with the lower 
IQ in 71.4% of paired comparisons (n = 28). Across all such cases, 
patients harboring the higher evolutionary action variant demon-
strated significantly lower IQ overall, corresponding to a 15.2-point 
drop in IQ on average between the two groups (P = 0.023, paired 
t test) (Fig. 3).

To further explore the relationship between these variants and 
patient presentation, all male patients with ASD were divided into 
three groups corresponding to phenotypic severity: high IQ of 100 
or greater (i.e., greater than or equal to population average), low IQ 
of less than 70 (i.e., more than 2 SD below population average and 
consistent with a diagnosis of intellectual disability), and intermediate 
IQ. Prioritized genes were grouped together into a single set of can-
didate causative ASD genes, and the evolutionary action score bur-
den (sum of evolutionary action scores) of mutations in these genes 
was calculated for each patient and considered across the three 
groups. Significant differences in total variant impact were found 
between the three IQ groups, with the lowest-IQ patient group hav-
ing the highest impact mutations in the prioritized genes (P = 0.048; 
Kruskal-Wallis test) (fig. S2A). This relationship between IQ and 
mutation evolutionary action scores was not seen when applied to 

all genes affected by de novo mutations (P = 0.89) or to genes that 
were not prioritized by the method (P = 0.58) (fig. S2A). This cor-
relation can be explained by comparing the distributions of evolu-
tionary action scores of prioritized genes between the three IQ 
groups: Patients with the lowest IQ had more variants with high 
scores than expected by chance, in contrast to patients with the 
highest IQ, who had fewer variants with high scores than expected 
by chance (fig. S2B). These data showed that the impact of the vari-
ant on the protein (as estimated by evolutionary action score) cor-
related with patient phenotype (IQ).

We next investigated the impact of the protein itself on human 
health, estimated here using RVIS (Residual Variation Intolerance 
Score) calculations of genic tolerance to mutation (32). Although 
genic tolerance to mutation was not on its own a significant predic-
tor of phenotypic severity (Fig. S3A and Fig. S3B), weighting the 
evolutionary action impact score to account for differences in genic 
tolerance to mutation (weighted evolutionary action) further improved 
the ability of the evolutionary action score burden in prioritized genes 
to predict patient phenotype when binned (P = 0.0028; Fig. 4A and 
Fig. 4B), and this relationship also became significant when unbinned 
(R = −0.14, P = 0.013, linear regression) (tables S6 and S7). In 
addition, this correlation was stronger when RVIS was used to 
measure genic tolerance to mutation compared to pLI (probability 
of being LOF intolerant) or the Missense Constraint Metric (table 
S8); the correlation was significant also when verbal or nonverbal IQ 
was defined as the primary outcome (table S9). The correlation was 
generally reproducible with other variant impact prediction methods, 
such as Polyphen2 (Polymorphism Phenotyping v2), CADD (Com-
bined Annotation Dependent Depletion), SIFT (Sorting Intolerant 
From Tolerant), MPC (Missense badness, PolyPhen-2, and Constraint), 
and BLOSUM62 (BLOcks SUbstitution Matrix using sequences 
with less than 62% similarity), but it was stronger and more robust 
to changes in the analysis when evolutionary action was used in-
stead (table S10). The correlation between evolutionary action score 
burden and IQ also could not be explained by confounding due to 
the presence of de novo nonsense variants or CNVs, which are 
known to affect IQ. There was no significant correlation between 
de novo CNV deletion size and evolutionary action score burden 
(Pearson R = −0.0001, P = 0.98), and patients with a concurrent 
nonsense variant did not have a higher evolutionary action burden 
in prioritized genes (P = 0.97). No significant relationship between 
patient IQ and evolutionary action score burden was found when 
the relevant gene set was instead considered to be all genes affected 
by de novo mutations (P = 0.21), genes that were not prioritized by 
the method (P = 0.74) (Fig. 4A and Fig. 4B), or genes belonging to 
independent gene sets of interest a priori, such as those enriched for 
expression in the brain (33), proposed by orthogonal methods 
(3, 34–36), or connected to other candidates in a protein interaction 
network (table S11). Whereas the correlation strength between 
missense variant burden and IQ is more modest than comparable 
continuous correlations that have been published connecting 
CNV deletion length to IQ (37), this is likely due to sample size and 
subsetting; the correlation that we detect is at least as strong as the 
established connection between CNVs and IQ after restriction to 
the same patients used in our analysis (R = −0.09, P = 0.03).

Furthermore, whereas the evolutionary action score burden ac-
counted for cases in which more than one variant of interest was 
detected in a patient’s exome, the results could not be explained by 
an uneven distribution of patients affected by multiple de novo 

Fig. 3. Predicted variant impact on IQ of ASD patient pairs with different de 
novo missense variants in the same candidate gene. Pairs of patients with ASD 
affected by different de novo missense variants in the same prioritized gene were 
identified across the 398 prioritized genes (n = 28). Within each pair, the patient 
with the higher variant evolutionary action score was determined. Full-scale IQ 
scores were compared between the higher and lower evolutionary action groups 
using a paired t test. Correctly prioritized pairs are shown linked by a solid black 
line; incorrectly prioritized pairs are shown linked by a dashed gray line.
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variants in prioritized genes (P = 0.51; chi-square test) (fig. S4A), 
and the genotype-phenotype relationship remained significant 
(P = 0.014 for unweighted evolutionary action burden and P = 0.003 
for evolutionary action burden weighted for genic tolerance) when 
considering only patients affected by a single variant of interest 
(Fig. S4B and Fig. S4C). Female patients were assessed separately, 
and although their variant impact profile across prioritized genes was 
equally biased to high action (fig. S5A), the genotype-phenotype analysis 
was underpowered to detect a relationship of the magnitude present in 
male patients (fig. S5B), and the correlation between IQ and evolu-
tionary action burden was not significant (P = 0.40, linear regression).

Prioritized gene set demonstrates enrichment for genes 
linked to ASD
To determine whether prioritization using evolutionary action path-
way distributions captured established knowledge, we next com-
pared our prioritized gene set to the 2017 version of the genes for 
ASD manually curated by the Simons Foundation Autism Research 
Initiative (SFARI). We considered SFARI categories 1 to 3 (high 
confidence, strong candidate, and suggestive evidence) to be appro-
priate for comparison. We then quantified the overlap of our gene 
lists to the SFARI list and found that the prioritized genes were 
highly enriched for genes in the SFARI gene set compared to 

deprioritized genes (35 of 398 versus 14 of 562; P = 10−5, Fisher’s 
exact test). Even better enrichment was obtained for the genes with 
the lowest RVIS scores (38 of 398 versus 11 of 494; P = 10−6, Fisher’s 
exact test), which is orthogonal information to our gene prioritiza-
tion. The prioritized genes were also significantly enriched in genes 
with higher pLI scores (P = 1.5 × 10−6; fig. S6A), in brain-expressed 
genes (P = 10−7; fig. S6B), and in 102 genes (P = 9 × 10−5) implicated 
in ASD risk according to a recent study (38), when compared to the 
nonprioritized genes. These positive control data showed that pri-
oritization using evolutionary action pathway distributions prefer-
entially captured current knowledge. Furthermore, of our prioritized 
genes, 28 of 363 (7.71%) that were not recognized by SFARI as 
high-confidence genes in 2017 were recognized as such in the most 
recent release of SFARI, whereas for the nonprioritized genes, only 
11 of 548 (2%) went from unrecognized to recognized over the same 
time frame. This difference was highly significant in a chi-square 
analysis (P < 0.0001) and demonstrated the utility of the evolution-
ary action–based prioritization approach. To determine whether 
prioritized genes without a known link to ASD were also contribut-
ing to the relationship between genotype and phenotype, we next 
tested the ability of evolutionary action burden in prioritized genes 
to predict patient phenotype when the gene was either supported 
by the high-confidence curated SFARI gene set or unscored by 
SFARI. For each subset of the prioritized genes, patients with de 
novo variants in these genes were split into two groups based on 
whether their burden was above or below the mean of all such pa-
tients. Across all prioritized genes, the patient group with above- 
average evolutionary action burden demonstrated significantly lower 
IQ scores corresponding to an ~8-point drop in IQ (P = 0.006) (Fig. 5). 
The difference became more pronounced when restricting to prior-
itized genes also in the SFARI gene set, with the average IQ a full 30 
points lower in the patient group with a higher evolutionary action 
burden (90.3 versus 60.3, P = 0.0015), 5 points more than would be 
found when considering the SFARI gene set without the aid of prior-
itization (fig. S7A). Moreover, considering prioritization status improved 
the unthresholded correlation value from R = −0.33 to R = −0.37 
(P = 0.02) (fig. S7B). However, the majority (84.5%) of prioritized genes 
were not placed into any category by SFARI curation, and a significant 
~6.5–IQ point difference between the groups persisted when consider-
ing only these unannotated genes (P = 0.03). For all tests, statistical 
significance was maintained across a wide range of thresholds (fig. S8A-E).

We next reperformed the analyses more stringently, comparing 
our prioritized gene set to an uncurated assessment of the current 
published literature. We defined genes with at least one association 
in PubMed between the gene name and the term “autism” as being 
supported by the literature and found that prioritized genes were 
significantly enriched for literature support compared to depriori-
tized genes (P < 0.0001; Fig. 6A). Simply considering the genes with 
the lowest RVIS scores also yielded a significant but weaker associ-
ation (P = 3 × 10−12 compared to P = 9 × 10−21; fig. S9). Among all 
genes with literature support, those that were prioritized had a larger 
number of associations per gene (P = 0.007; Fig. 6B), indicating 
more extensive support. Moreover, whereas prioritized genes with 
literature support exhibited a significant relationship between IQ 
and evolutionary action burden both when binned (Fig.  6C) and 
unbinned (P = 0.019, linear regression), the deprioritized genes with 
literature support did not (Fig. 6D), suggesting that associations 
with deprioritized genes may have been false positives. We then 
tested the ability of evolutionary action burden in prioritized genes 

Fig. 4. De novo evolutionary action score burden and ASD patient IQ for prior-
itized and deprioritized gene groups. Prioritized genes, deprioritized genes, and 
all genes with de novo missense variants were assessed for their relationship to the 
IQ of patients with ASD. For each male patient, the summed evolutionary action 
burden of de novo missense variants was calculated for each category with evo-
lutionary action burden (A) unweighted (∑EA), and (B) weighted for genic intol-
erance to mutation (∑EAweighted). The patients were then split into three groups 
by their full-scale IQ scores, and the scores were compared using Kruskal-Wallis 
tests. Error bars reflect the 95% CI of the mean.
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to predict patient phenotype when the gene was either supported or 
unsupported by the literature. When considering prioritized genes 
with literature support, patients with an above-average evolution-
ary action burden had IQ scores ~11 points lower than those with a 
below-average evolutionary action burden (P = 0.01; Fig. 6E). When 
considering prioritized genes with no literature associations with 
ASD, the same trend was seen with a significant decrease in IQ of 
more than seven points (P = 0.04; Fig. 6E). Again, statistical signifi-
cance was maintained across a wide range of thresholds (fig. S8).

Evolutionary action score burden of rare and low-frequency 
inherited variants in prioritized genes correlates 
with phenotype severity
Given that the impact of de novo mutations in the candidate caus-
ative genes correlated with patient presentation, we next tested whether 
rare inherited variations in these same genes exhibited a similar re-
lationship with IQ. We considered rare and low-frequency inherited 
variants with a minor allele frequency (MAF) of less than 0.05  in 
male patients that were detected in at least one parent but were not 
inherited by the healthy sibling. Across the cohort, there were 
25,042 variants in the candidate genes that met these criteria. For 
each patient, we calculated the inherited evolutionary action bur-
den in the candidate genes as the summation of all evolutionary 
action scores in these variants after weighting for gene-specific tol-
erance to mutation. We found that there was a significant correla-
tion between IQ and inherited variant evolutionary action burden 
as well, with patients with a high IQ having a lower inherited evolu-
tionary action burden in the prioritized gene set (P  =  0.0005; 
Fig.  7A). There was no relationship between evolutionary action 
burden and IQ when considering genes that were not prioritized 
(P = 0.26) or that were low-confidence SFARI genes (SFARI catego-
ries 4 to 6; P = 0.83); the same relationships could be found when 

limiting the MAF cutoff to more strin-
gent definitions of rare variant status 
(Fig. 7B). Incorporation of the de novo 
variants into the evolutionary action 
burden increased significance further 
(P = 0.0003). These data show that 
within the prioritized gene set, rare in-
herited variants also linked genotype to 
phenotype.

DISCUSSION
Our data show that the evolutionary ac-
tion distributions of de novo missense 
variants can be used to elucidate caus-
ative pathways in a complex multigenic 
disease and prioritize variants that stratify 
disease severity. Here, using sequenc-
ing data from 2384 individuals diag-
nosed with ASD, we hypothesized that 
affected cohort-specific selection for 
large variant fitness effects within a group 
of functionally related genes implied 
an association of those pathways and 
genes with ASD. We observed signifi-
cant impact signatures in 23 pathways, 
including those involved in axonogene-

sis, neuron development, and synaptic transmission. The mutated 
genes from these pathways were enriched for literature associa-
tions with ASD and are highly consistent with pathways of impor-
tance derived from analyses of CNV and LOF variant data 
(12, 36, 39, 40), as well as pathways identified through recurrent 
missense mutations in patients with neurodevelopmental disor-
ders (41). This suggested that the putative causative missense SNVs 
identified in this study may operate through mechanisms similar, 
rather than orthologous, to well-documented processes involved 
in ASD etiology.

Our study directly links the evolutionary impact of missense 
variants to a measure of ASD phenotypic severity without a priori 
knowledge of ASD- associated genes. Although IQ cannot reflect 
all aspects of the phenotypic severity of patients with ASD, it cor-
relates well with behavior-based observer-rating scales that encom-
pass diverse areas of autistic symptomatology (42) and repetitive 
behaviors in patients (43) and therefore can provide a relevant in-
dex of ASD severity. Past work relating de novo variants to IQ in 
patients with ASD has focused almost exclusively on CNV and LOF 
variants, with studies finding a significant relationship between IQ 
and the de novo mutation rate of LOF variants (16, 21) as well as 
CNVs and truncating SNVs (44). However, when these same studies 
assessed missense variants, no correlation with IQ was found, even 
after restricting analyses to recurrent missense variants (16,  44). 
Our initial assessments of the de novo missense variant class agreed 
with others who have reported that the overall impact of de novo 
missense variants in ASD does not differ substantially from expec-
tations (18, 28). However, we found that this collective profile did 
not preclude the detection of gene and variant subsets with 
mutational signatures indicating a significant genotype- phenotype 
relationship. We observed a 30-point IQ decrease in patients 
with above-average missense variant impact burdens across the 
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highest-confidence gene candidates and a 7.4-point IQ decrease in 
patients with above-average missense variant impact burdens across 
unexpected gene candidates. In addition, we demonstrated that dif-
ferent variants within the same candidate gene could be linked to 
phenotypic outcomes through their predicted evolutionary action 
impact on protein fitness. Furthermore, a modest but highly signif-
icant correlation between rare inherited missense variant burden 
and IQ when considering the prioritized genes indicated that these 
genes may contribute to ASD etiology through pathways beyond de 
novo variation.

Our results suggest that de novo missense variants, especially 
those with high impact affecting important genes in neurological 
pathways, have the potential to influence the phenotypic presentation 

of patients with ASD even if they or the genes in which they occur 
have not been previously linked to ASD in the literature. However, 
lower-impact missense variants in a gene should not be assumed to 
produce a similar effect even if the gene or pathway has been pre-
viously associated with ASD. These findings have implications for 
clinical interpretation of de novo missense variants of unknown 
significance in patients diagnosed with ASD, which, in turn, could 
improve estimations of recurrence risk in siblings by helping to 
clarify whether a patient’s de novo missense variant influences their 
presentation or is merely incidental. In the future, larger cohorts 
and additional sequenced trios will enable refinement of the ob-
served genotype-phenotype relationship into a clinically valuable 
outcome predictor and will clarify whether missense variants in 
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female patients with ASD demonstrate the same relationship to 
clinical presentation.

Our results also have implications for laboratory testing by sug-
gesting which genes and variants to prioritize for experimental val-
idation and inclusion in the SFARI gene set. One gene with a single 
missense variant in the cohort, CAMK2A, was not included in the 
SFARI gene study when it was completed and had minimal litera-
ture support for an association with ASD but was prioritized by the 
pathway-evolutionary action integration as part of the synaptic 
transmission pathway. The detected variant in this gene has recently 
been shown to decrease excitatory synaptic transmission in cul-
tured neurons and produce aberrant behavior including social defi-
cits and increased repetitive behavior in mice with a knock-in of the 
variant (45). Now, CAMK2A has been linked to intellectual disability 
(46) and incorporated into SFARI. Although this is a single exam-
ple, pathway-evolutionary action can prospectively aid ongoing 
large-scale experimental efforts to test the functional effect of de 
novo missense mutations detected in major trio studies. In addi-
tion, as statistical power grows along with cohort sizes for ASD, 
genes suggested by pathway-evolutionary action can be further pri-
oritized using results of frequency-based analyses to create short 
lists for testing. Already 10 candidate genes, including several not in 
SFARI, overlap with a recent list of 35 genes identified through re-
current missense mutations in patients with neurodevelopmental 
disorders (41). Independent studies have reported four of our prior-
itized genes as new candidate ASD-associated genes (19, 20).

Several limitations may affect the sensitivity and specificity of 
our evolutionary action method. First, our approach to identify de 
novo missense variants was stringent and biased toward high spec-
ificity rather than toward finding more variants of lower confidence. 
Consequently, some genes with relevant de novo variants may not 
have been prioritized for ASD association. Another limitation concerns 

the gene groups defined with GO terms, 
which are far from a complete accounting 
of molecular functions and pathways. 
More genes are likely to be prioritized 
using alternative groupings. Also, given 
the polygenic character of ASD and the 
finite number of probands, small path-
ways may lack enough variants to 
achieve statistical significance. On the 
other hand, very large pathways that 
mostly include unrelated genes to ASD 
may be dominated by nondriver variants, 
leaving the very few driver genes depri-
oritized. An evolutionary action limita-
tion is that 5% of the human genes were 
not scored because of an insufficient 
number of homologous sequences. 
A l though most of these genes are 
pseudogenes or functionally unimportant 
genes, it is possible that ASD driver genes 
were also included at a lower fraction. 
All of these limitations decrease the 
sensitivity of our approach, but our prior-
itization could also include false-positive 
genes. This is because any association 
with ASD is at the level of the gene 
groups and not at the level of single genes, 

given that most genes have only one de novo variant. Last, in the future, 
other phenotypes besides IQ should also be used to account for 
ASD phenotype severity as well as larger independent cohorts.

More broadly, the elucidation of the genotype-phenotype relation-
ship through the integration of mutation impact and gene impor-
tance scores is an approach with implications for evolutionary 
theory and biology. The mathematics underpinning the use of 
evolutionary action distributions to identify pathways and genes of 
interest is founded on the assumption of an evolutionary fitness 
function that maps genotypes to phenotypes in the fitness land-
scape but which is not directly calculable. Differentiation of this 
fitness function yields the evolutionary action equation to predict 
variant impact, in which the perturbation of the fitness landscape is 
equal to the product of the evolutionary fitness gradient, estimated 
by Evolutionary Trace (47), and the substitution log odds of the 
amino acid change (25). These values are calculable from se-
quence data, and predictions have been shown to correlate well 
with experimental assessments of protein fitness (25, 48) to con-
sistently outperform machine learning methods (26, 27) and to en-
able stratification of patient morbidity (25) and mortality (49) in 
other disease contexts. This evolutionary action theory is extended 
in our study by considering the distribution of variant evolutionary 
action scores over a pathway. Such distributions are akin to inte-
grating the evolutionary action equation across the pathway to 
recover the original genotype-phenotype relationship. Significant 
distributions indicate a nonrandom genotype-phenotype relation-
ship. As we show here, this new evolutionary calculus in fitness 
landscapes can, in practice, identify candidate phenotypic driver 
genes and the relationship between variant impact and patient clin-
ical outcome. The pathway-evolutionary action approach should be 
generalizable beyond ASD to other multigenic diseases and pheno-
types and can be applied to germline and de novo mutations alike.

Fig. 7. Relationship between inherited evolutionary action score burden and patient IQ for prioritized and 
deprioritized gene groups. (A) For each male patient with ASD, rare and low-frequency inherited variants (MAF < 0.05) 
that were detected in at least one parent, but not inherited by the healthy sibling, were identified across prioritized 
genes. The inherited evolutionary action burden was calculated as the summation of all evolutionary action scores of 
these variants after weighting for gene tolerance to mutation (∑EAweighted). The line indicates the linear regression 
across all points, and the shaded gray area represents the 95% CI; the P value corresponds to the significance of the 
regression. For visualization purposes, the patients were also sorted by IQ and divided into nine equal groups; the 
average burden and IQ of each group are overlaid upon the regression, and error bars indicate the SEM. (B) Log(P values) 
of the linear regression of IQ and inherited evolutionary action burden as the MAF threshold is increasingly restricted 
to lower frequencies for prioritized genes, deprioritized genes, and lower-confidence SFARI genes.
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MATERIALS AND METHODS
Study design
In this study, we used whole-exome sequencing data and associated 
phenotypic data from family trios and quartets of the Simons 
Simplex Collection (SSC) to suggest pathways and genes that may 
be associated with ASD and clarify the genotype to phenotype rela-
tionship of de novo missense variants in ASD. De novo missense 
variants in patients with ASD and their matched healthy siblings 
were annotated with a computationally predicted impact on fitness 
(evolutionary action), and functionally related groups of genes were 
defined by GO hierarchy and gene association data (GO2MSIG). 
Groups with a collective variant bias toward high impact were iden-
tified by examining the evolutionary action score distributions of 
their de novo missense variants. Genes that contributed variants 
to a biased score distribution were suggested as potentially in-
volved in ASD. These genes were further examined for plausibil-
ity via genotype-phenotype correlations to IQ, comparisons to 
established knowledge, and time-stamped analyses of experimental 
verification.

Data acquisition
Variant call files (.vcfs) produced by the SSC were downloaded 
from the National Database for Autism Research (NDAR; Study 
349) (50); this exome sequencing data encompassed 2392 families 
and used FreeBayes SNV calling performed by Krumm et al. (11) at 
the University of Washington. Phenotype data for the associated 
patients were obtained from the same source. CNV data for the cor-
relation between evolutionary action score burden and IQ were 
downloaded from NDAR (Study 361) (50) and restricted to patient 
de novo deletions. Researchers can obtain the underlying SSC 
population dataset described in this study (https://sfari.org/resources/
autism-cohorts/simons-simplex-collection) by request to https://
base.sfari.org.

De novo variant calling and quality assessment
Variants were called as de novo if the proband call was heterozy-
gous with a depth higher than 10, alternate allele fraction of 0.3 or 
higher, and average alternate allele quality of 15 or higher; the same 
position was required in both parents to have a depth of at least 30, 
at least 95% of reads supporting a reference call, and no more than 
5 reads supporting a nonreference call. These thresholds produced 
a set of de novo variants indicating high quality (Ti/Tv = 2.64) and 
an absence of negative selection ( is 0.009, when 0.01 indicates no 
selection pressure and 0.038 indicates the negative selection 
pressure seen in inherited human variants) (51). Together, the Ti/
Tv ratio and the lambda value suggest that our set of de novo vari-
ants is consistent to de novo variants reported in other studies and 
distinct from inherited variants, somatic variants, and random se-
quencing errors (fig. S10). More than 98% of the de novo variants 
were autosomal, whereas the rest variants were on the X chromo-
some. Using this procedure, we identified de novo variants in both 
patients and siblings. Eight families were excluded from down-
stream analysis because of specific technical errors that resulted in 
an excessive number of apparent de novo sequence events in either 
the patient or sibling. To focus on genes that are infrequently mu-
tated, we did not consider genes with more than three missense mu-
tations, which notably included the well-documented ASD driver 
SCN2A and six more genes (HLA-B, MAGEC1, MUC4, MUC5B, 
PABPC1, and RBMX).

Network/gene set enrichment analysis of genes affected by 
de novo variants in patients
Protein-protein interactions were defined by the Homo sapiens 
STRING v.10.0 network (29) using the aggregate score of all evi-
dence types and were considered as interactions if they had “medium 
confidence” or higher (interaction score ≥ 0.4). Enrichment tests for 
protein-protein interactions, as well as gene set enrichment analysis 
for GO biological processes, were performed through the STRING 
graphical user interface. Gene sets were considered significantly en-
riched at the default q < 0.05 threshold reported by STRING. STRING 
analysis accounts for gene length when assessing significance of 
enrichments.

Annotation of missense variants with evolutionary action
The impact of missense variants on protein fitness was computed 
with the evolutionary action equation, which has won multiple 
challenges of the Critical Assessment of Genome Interpretation 
community in 2017, 2015, 2013, and 2011 (26,  27). Briefly, this 
equation follows from viewing evolution as a differentiable map-
ping, f, of genotypes () onto the fitness landscape (φ), so that

  f( ) = φ  (1)

Differentiation then leads to the evolutionary action equation

  ∇ f . d = dφ  (2)

where ∇f is the evolutionary gradient in the fitness landscape, d is 
a genotype perturbation such as a mutation, and dφ is the fitness 
effect. In practice, Eq. 2 is approximated to first order. For a substi-
tution from amino acid type X to type Y at a protein residue, ri, the 
evolutionary gradient ∇f reduces to   ∂ f ⁄ ∂  r  i    , which is the mutational 
sensitivity at ri and equivalent to its evolutionary importance de-
fined by the Evolutionary Trace method (47, 52). To estimate d, we 
use odds of amino acid substitution from X to Y. This approach 
produced scores on a continuous scale between 0 and 100, where a 
higher value indicated a larger predicted impact on protein fitness 
resulting from the amino acid substitution. When a variant affected 
multiple isoforms of a protein, the impact score was averaged across 
all affected isoforms. Evolutionary Action calculations are described 
at greater length in the original publication of the method (25).

Annotation of genes for genic tolerance to mutation
We used RVIS (32) as our main measure of genic sensitivity to mu-
tation; RVIS scores were converted with the equation of mutation 
intolerance score = ((100 − RVIS%)/100) to lie on a scale from 0 to 
1 with 1 indicating maximum intolerance to mutation. RVIS is 
based on mathematical determinations of mutation population fre-
quencies and is unbiased by the state of scientific knowledge re-
garding ASD. For a small fraction of genes, an RVIS score did not yet 
exist. If a variant without an RVIS score was the only variant in a prior-
itized gene in the patient, the patient was not included in the 
IQ correlation analysis because their burden could not be accu-
rately assessed.

Identification of gene groups with bias toward impactful 
missense variants
Gene groups were defined using GO terms customized by GO2MSIG 
(30); customization was specific to H. sapiens and ensured at least 
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500 genes in each group. This approach produced 368 pathways 
encompassing 15,310 total genes (table S3). Gene groups with a col-
lective variant bias toward high impact were identified by ex-
amining the evolutionary action score distributions of their 
missense de novo variants. For each pathway, the evolutionary ac-
tion score distribution of the de novo variants within the pathway 
was compared to the evolutionary action distribution of all other 
de novo variants using a one-sided Kolmogorov-Smirnov test. Note 
that, to account for properties that are unique to de novo variants 
in patients with ASD, these comparisons were performed only 
within the relevant variant class. To account for multiple hypothe-
sis testing across a large number of gene groups while maximizing 
discovery by limiting false negatives, groups that were significant 
after false discovery rate (FDR) with q < 0.1 were considered sig-
nificant (table S4). This analysis was performed using missense 
de novo variants from 1792 patients with matched siblings and 
then repeated using missense de novo variants from the 1792 
matched siblings.

Relating evolutionary action scores in prioritized genes 
to patient phenotype
Although female probands with de novo missense mutations in pri-
oritized genes contributed a very small fraction of the data (<1/7), 
they were highly disproportionately represented at low full-scale IQ 
scores (42% with IQ < 70 versus 26% for male probands) and were 
analyzed separately from male patients to prevent confounding 
based on gender. Patients with ASD were divided into three groups 
by phenotype severity as defined by high full-scale IQ (greater than 
or equal to population average), low full-scale IQ (more than 2 SD 
below population average and consistent with a diagnosis of intel-
lectual disability), and intermediate full-scale IQ. Genes falling into 
pathways with significant bias toward high-impact mutations were 
grouped together into a single set of prioritized candidate ASD 
genes, and we considered the evolutionary action scores of muta-
tions in these genes across the three groups for all binned analyses. 
For each patient, the sum of the evolutionary action scores of de 
novo variants in their affected candidate genes was calculated. For 
each gene, variant evolutionary action scores (EA) were then weighted 
by the RVIS score such that weighted EA = EA*mutation intoler-
ance score, and the total patient burden was recalculated with 
weighted evolutionary action scores in place of the raw evolutionary 
action scores. For comparison, we also substituted raw ExAC LOF 
Constraint Metric (pLI) and ExAC Missense Constraint Metric 
scores as alternative measures of genic intolerance to mutation 
(table S8) (53), nonverbal and verbal IQ scores as alternate mea-
sures of phenotypic severity (table S9), other prioritization ap-
proaches (table S11), and CADD (54), SIFT (55), BLOSUM62 (56), 
MPC (57), and Polyphen-2 (58) scores as alternate measures of 
variant severity (table S10).

For analysis of inherited germline variants, we considered low- 
frequency inherited variants (MAF < 0.05) in prioritized genes that 
were observed in at least one parent but were not inherited by the 
healthy sibling (using the same thresholds to confirm the absence of 
the variant as were used for parent calls when determining de novo 
variants). The inherited evolutionary action burden for each male 
patient was calculated as the summation of all evolutionary action 
scores of these variants after weighting for genic tolerance to muta-
tion. The MAFs of variants were obtained from ExAC (53) using the 
entire population.

Comparison of prioritized genes to published knowledge
Genes with at least one association in PubMed between the gene 
name and the term autism were defined as being supported by the 
literature, whereas genes with no search results returned were 
defined as lacking literature support. These values were obtained 
automatically using a Biopython script on 4 October 2016. An up-
dated PubMed search was performed on 13 January 2020, which 
resulted in 65 (33%) more genes associated to ASD, and this update 
reassured our previous conclusion (fig. S9). SFARI gene annota-
tions were obtained from SFARI Gene and the SFARI Gene Scoring 
Module (4) on 13 January 2017. An updated version of the SFARI 
gene annotations was obtained on 15 September 2020, and this ver-
sion was used to perform a time stamp analysis. All tests for enrich-
ment of prioritized genes in the literature, either as defined by 
PubMed or SFARI, were performed using Fisher’s exact tests, 
and in all cases, the prioritized genes were compared against the 
other genes affected by de novo missense mutations in the patient 
cohort studied, such that all genes are derived from the same 
source dataset.

Statistical analysis
Collective bias of a gene set toward variants with high computationally 
predicted fitness impact was assessed using one-sided Kolmogorov- 
Smirnov tests that compared these gene set variants to variants out-
side that gene set. FDR correction for multiple hypothesis testing 
was applied, and gene sets with FDR < 0.1 were considered for fur-
ther analysis. Pearson’s R value was calculated for correlation be-
tween continuous datasets. Data were additionally analyzed using 
paired t tests, unpaired t tests, Kruskal-Wallis tests, and two-sample 
Kolmogorov-Smirnoff tests as appropriate, with all tests being 
two-sided. P values of <0.05 were considered statistically signifi-
cant. Data are displayed as means with error bars representing the 
95% CI (confidence interval) of the mean; statistical tests are pro-
vided in the figure legends. Statistical analyses were conducted 
using SciPy statistical packages for Python 2.7, and graphs were 
plotted using GraphPad Prism 6.0.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/594/eabc1739/DC1
Fig. S1. Stratification of de novo missense variants using gene-centric network analysis.
Fig. S2. Relationship between de novo evolutionary action score burden and patient IQ for 
prioritized and deprioritized gene groups.
Fig. S3. Relationship between patient IQ and genic tolerance to mutation (RVIS).
Fig. S4. Relationship between evolutionary action burden and phenotype cannot be explained 
by the number of de novo missense variants of interest in a patient.
Fig. S5. Comparison of prioritized de novo missense variants and genotype-phenotype 
analysis in male versus female probands.
Fig. S6. Enrichment of prioritization status in genes with high pLI scores and in brain-expressed genes.
Fig. S7. Effect of prioritization status on the relationship between genotype and phenotype in 
SFARI autism gene list.
Fig. S8. Effect of threshold variation on high and low weighted evolutionary action burden 
group comparisons.
Fig. S9. Updated PubMed search for associating our prioritization to ASD.
Fig. S10. Quality control of de novo variant calls.
Table S1. Proband de novo missense variants.
Table S2. Healthy sibling de novo missense variants.
Table S3. GO pathway definitions.
Table S4. GO pathway bias in patients and matched siblings.
Table S5. Gene annotation with prioritization status.
Table S6. IQ and total weighted evolutionary action burden for male patients with at least one 
missense variant in a prioritized gene.
Table S7. Variant annotation with evolutionary action, RVIS, IQ, and gene prioritization status 
for variants in male patients with available phenotypic data.
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Table S8. Genotype-phenotype relationship of de novo missense variants within gene 
sets, separated by prioritization group and metric used to estimate genic tolerance to 
mutation.
Table S9. Genotype-phenotype relationship of de novo missense variants within gene sets, 
separated by prioritization group and metric used to define phenotype.
Table S10. IQ correlation to mutation burden as measured by six prediction methods.
Table S11. IQ correlation to mutation burden as measured by evolutionary action for different 
gene sets.
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