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PROTEIN INTERACTIONS

Autism mutations rewire protein interaction  
networks to drive neurodevelopmental pathology
Belinda Wang†, Rasika Vartak†, Kelsey M. Hennick†, Yefim Zaltsman†, Zun Zar Chi Naing† et al. 

INTRODUCTION: Autism spectrum disorder (ASD) is characterized by 
extreme genetic heterogeneity, with more than 250 high-confidence 
risk (hcASD) genes identified to date. Defined by rare, large-effect 
coding variants, these genes show functional and developmental 
convergence in transcriptomic analyses. However, these approaches 
have provided only limited mechanistic insight and have not 
identified specific therapeutic targets beyond the genetic variants 
themselves. Because proteins are the primary functional units of the 
cell, mapping the physical ASD interactome—and determining how 
ASD variants rewire it—is essential to move beyond gene lists and 
broad pathophysiologic themes toward a deeper causal understand-
ing of neurodevelopmental pathology.

RATIONALE: To augment our molecular understanding of ASD, we 
used affinity purification–mass spectrometry (AP-MS) to map  
100 hcASD proteins and 54 patient-derived missense variants, 
substantially expanding the known ASD protein interaction 
landscape. By integrating these datasets with AlphaFold structural 
modeling and functional studies in Xenopus and human forebrain 
organoids, we investigated whether genetically distinct risk factors 
converge onto shared biology and if convergent neurodevelopmen-
tal phenotypes arise through the selective rewiring of protein-
protein interactions (PPIs) by disease-associated variants.

RESULTS: The resulting ASD-PPI network contains more than  
1800 interactions, 87% of which were previously unreported. The 
network, which is enriched in neural progenitor cells (NPCs) of the 
excitatory lineage, exhibits a highly interconnected architecture, 
with risk proteins converging onto shared complexes, including 

DCAF7. Functional interrogation of selected interactions demon-
strated that disruption of the previously uncharacterized DCAF7-
DYRK1A-KIAA0232 complex impairs progenitor proliferation and 
reduces forebrain size in vivo. Furthermore, patient-derived 
missense mutations frequently induced convergent PPI rewiring. 
Distinct FOXP1 mutations, for example, weakened its physical 
interaction with FOXP4, leading to gain-of-function redistribution 
of FOXP4 to ectopic genomic targets. In human forebrain organ-
oids, this biochemical rewiring drove premature differentiation of 
cortical neurons and altered neural activity. Genetic deletion of 
FOXP4 in a FOXP1-mutant background rescued these neurodevel-
opmental defects; although the exact mechanism requires further 
determination, this suggests that the rewired interaction underlies 
the mutant phenotype.

CONCLUSION: Together, these findings define a dual-layered model 
of molecular convergence in ASD: convergence through shared 
interaction networks in the wild-type state and convergence through 
recurrent functional consequences of interaction rewiring in the 
mutant state. More broadly, this work establishes a scalable 
framework for systematic interrogation of the autism proteome, 
enables prioritization of druggable protein interfaces, and provides 
a rational foundation for precision therapeutic strategies aimed at 
restoring neurodevelopmental trajectories. 

Corresponding authors: Nevan J. Krogan (nevan.krogan@ucsf.edu); A. Jeremy Willsey 
(jeremy@willseylab.com); Matthew W. State (matthew.state@ucsf.edu);  
Tomasz J. Nowakowski (tomasz.nowakowski@ucsf.edu); Kirsten Obernier (kirsten.obernier@
ucsf.edu) †These authors contributed equally to this work. Cite this article as B. Wang et al., 
Science 393, eady4523 (2026). DOI: 10.1126/science.ady4523

Mapping the ASD interactome reveals 
molecular convergence. (A) Protein 
interactome of 100 hcASD proteins and 
54 patient mutations reveals a highly 
convergent network of protein 
complexes. (B) Convergent protein com-
plexes were prioritized for functional 
validation in human neural progenitors 
and Xenopus. (C) Mutation-driven 
rewiring, such as FOXP1-FOXP4 
interaction disruption, alters brain 
development, for example, deep-layer 
neurogenesis in cortical organoids in 
FOXP1 mutant organoids. R513C, 
Arg513→Cys; R513H, Arg513→His; L327P, 
Leu327→Pro; CRISPRi, CRISPR 
interference; WT, wild type.
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Systematic mapping of protein-protein interaction (PPI) 
networks and determining how causal mutations rewire them in 
autism spectrum disorder (ASD) provide a powerful framework 
for uncovering disease mechanisms and therapeutic 
opportunities. Using affinity purification–mass spectrometry, 
we systematically mapped PPIs for 100 high-confidence ASD 
genes, uncovering more than 1800 interactions. By assessing 
the impact of pathogenic missense mutations, leveraging 
AlphaFold, and validating key findings in human-derived model 
systems, we identified marked convergence onto shared protein 
complexes in the wild-type state and convergent PPI rewiring 
driven by independent mutations. For example, distinct 
patient-derived variants in FOXP1 disrupt its interactions with 
FOXP4, leading to changes in cortical neurogenesis and neural 
activity in brain organoids. Overall, these findings link genetic 
variation to protein networks and convergent 
neurodevelopmental dysfunction in ASD.

Autism spectrum disorder (ASD) is a highly heritable neurodevelop-
mental syndrome characterized by marked genetic heterogeneity and 
interindividual clinical variability (1–3). Over the past 15 years, whole-
exome sequencing studies have identified more than 250 large-effect 
risk genes based on rare, often de novo, protein-damaging variants 
(4–7). These large-effect coding mutations are strongly enriched among 
the most severely impaired individuals with ASD and co-occurring 
neurodevelopmental disorders, including intellectual disability, epi-
lepsy, minimal or absent speech, and severe motor delay.

Despite this progress, translating high-confidence ASD risk (hcASD) 
genes into a deeper understanding of pathophysiology—and ulti-
mately into effective, targeted therapies for the most severe forms 

of the disorder—remains a major challenge (8). This difficulty stems 
from extensive pleiotropy, the dynamism of the developing human 
brain, and limited knowledge of the physical interactions of ASD 
risk proteins and how mutations alter the structure and function 
of these protein complexes (9, 10). Two central unresolved ques-
tions are the degree to which diverse ASD proteins converge onto 
shared molecular complexes and how specific disease-causing muta-
tions alter protein structure, interactions, function, and, ultimately, 
neurodevelopment.

One promising strategy is to examine bona fide ASD risk genes at 
the level of protein-protein interactions (PPIs) and whether disease-
associated coding mutations selectively disrupt or rewire these interac
tions rather than simply abolishing gene function (11). If hcASD-associated 
mutations converge by rewiring shared protein complexes, then PPI 
networks should point to targetable causal mechanisms linking genetic 
variation to neurodevelopmental dysfunction. Testing this hypothesis 
requires systematic, large-scale, disease-relevant interaction maps that 
resolve both wild-type (WT) interactions and mutation-specific pertur-
bations across a substantial fraction of the ASD proteome. However, 
such maps have been largely lacking.

Here, using affinity purification–mass spectrometry (AP-MS), we 
mapped PPIs for 100 hcASD genes and 54 patient-derived pathogenic 
variants (4). We generated these interaction maps in human embryonic 
kidney (HEK) 293 T cells to enable scalability and cross-disease com-
parability and then validated key findings across multiple experimen-
tal systems, including Xenopus tropicalis, human induced pluripotent 
stem cell (iPSC)–derived neural progenitors, and forebrain organoids. 
This approach revealed a dual-layered architecture of molecular con-
vergence in ASD: stable convergence of risk proteins onto shared com-
plexes in the WT state and convergent patterns of mutation-induced 
PPI rewiring.

We demonstrate that proteins interacting with these 100 ASD risk 
genes form a highly interconnected network that recapitulates ASD-
relevant risk gene expression patterns in the developing human brain 
and is enriched for additional ASD risk genes, but not schizophrenia 
risk genes. Functional validation of key interactions confirms that 
these mutations perturb early neurogenesis and alter electrophysio-
logical properties. Together, these results indicate that genetically 
heterogeneous ASD risk genes and distinct mutations converge onto 
complexes and rewire PPIs, providing a mechanistic framework link-
ing genetic variation to protein structure and function and, ultimately, 
to convergent neurodevelopmental pathology.

PPI mapping reveals ASD networks
We evaluated structural and functional relationships among identi-
fied hcASD genes (4) (Fig. 1A) through the mapping of 100 Strep-
tagged hcASD proteins individually expressed in HEK293T cells 
using AP-MS, generating an ASD PPI network (ASD-PPI) (Fig. 1B; 
fig. S1, A to C; and table S1). HEK293T cells provide the tractability, 
proteomic depth, and established benchmarks required for high-
throughput PPI mapping. This approach has previously enabled the 
large-scale identification of bona fide, stable, and often stoichiomet-
ric physical interactions present across cell types for cancer, heart 
disease, neurodegeneration, and infectious diseases [for example, 
see (12–19)]. The resulting network connects 100 hcASD proteins 
with 1074 unique high-confidence interactors via 1881 total interac-
tions. These include 87% previously unidentified interactions, with 
a median of 11 interactors per hcASD protein (Fig. 1, C and D). These 
interactions reveal strong interconnectivity among hcASD proteins 
and convergence onto shared interactors and complexes (see next 
sections). The ASD-PPI captures a broader interaction landscape 
than existing PPI databases (Fig. 1E) and overlaps substantially with 
previously published, smaller ASD-PPI networks generated in neu-
ronal cultures or brain tissue (fig. S1D and table S1), thus supporting 
its biological relevance.
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Fig. 1. hcASD protein interaction mapping reveals interactors. (A) Study overview showing prior functional annotations of 100 hcASD genes, highlighting the most significant two 
genes per category [FDR < 0.05; (4)], generation of WT (ASD-PPI) and patient-derived mutant (ASDmut-PPI) interaction networks, and downstream studies. (B) Workflow to generate 
PPI data for 100 hcASD genes in HEK293T cells. (C) Bar graph showing distribution of interactions within the ASD-PPI. (D) The distribution of the number of interactors per hcASD 
protein (median = 11). The red line indicates the LOESS-smoothed curve of the distribution. (E) Comparison of the number of hcASD proteins profiled and the number of hcASD-
associated interactions in ASD-PPI and existing large-scale PPI datasets (54, 67, 68, 89, 90). Point size reflects the number of unique interactors for each dataset.
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ASD-PPI interactors are expressed in the human brain and 
enriched for ASD genetic risk
ASD-PPI interactors recapitulate core transcriptional and genetic fea-
tures of ASD risk genes. In RNA sequencing (RNA-seq) data from 
developing (20) and adult human brain (21), the subset of interactors 
excluding hcASD genes (interactorsno hcASD, n = 1043) is highly ex-
pressed in brain tissue and closely tracks hcASD gene expression pat-
terns across pre- and postnatal development (Fig. 2, A to C; fig. S2A; 
and table S2). This subset recapitulates core expression signatures of 
ASD-associated genes, including elevated expression in prenatal cortex 
(22) and adult cortex and cerebellum (fig. S2, B and C; and table S2) 
and shows intermediate evolutionary constraint greater than the 
HEK293T proteome but lower than hcASD genes (fig. S2D and table S2), 
suggesting that they may contribute to ASD through polygenic mecha-
nisms. ASD-associated de novo damaging variants are enriched in both 
the full set of interactors (interactors, n = 1074) and interactorsno hcASD, 
but not in the rest of the HEK293T proteome (Fig. 2D and table S2), 
indicating that the interactors themselves are genetically associated 
with ASD. This enrichment magnitude is comparable to interactors 
from ASD networks generated in neuronal cultures (23) and from 
brain tissue (24, 25) (fig. S2, E to G). ASD-PPI interactors also strongly 
overlap with ASD risk genes identified from recent large-scale sequenc-
ing studies (5–7), but not with genes implicated in schizophrenia (26), 
supporting a degree of specificity (Fig. 2E, fig. S2H, and table S2). To 
explore the potential of ASD-PPI for ASD gene discovery, we modeled 
networks of increasing size. As more hcASD genes are incorporated, 
enrichment of ASD-associated genetic variants progressively concen-
trates within interactorsno hcASD (Fig. 2F) and captures a growing num-
ber of known and newly identified risk genes (hcASD+) (6), with no 
sign of saturation at 100 hcASD genes (Fig. 2G), suggesting that ex-
panding the network could reveal additional risk genes. Together, 
these orthogonal analyses demonstrate that ASD-PPI captures ASD-
relevant interactions.

To pinpoint ASD-relevant cell types, we examined ASD-PPI network 
expression in a prenatal human brain single-cell RNA-seq (scRNA-seq) 
atlas spanning cortical and subcortical cell types (27) (Fig.  2H). 
Previous studies have implicated postmitotic excitatory and inhibitory 
neurons (ENs and INs) (4, 6). ASD-PPI shows strongest network ex-
pression in postmitotic ENs, with some enrichment in INs (Fig. 2I). 
However, expanding ASD-PPI by incorporating connections between 
interactors from the PPI meta database STRING (28) increases the 
statistical weight of the highly connected interactors in the network. 
This reframing from a risk gene–centric to interactome-centric view 
shifted the enrichment away from mature neurons and toward neural 
progenitor cells (NPCs) of excitatory neurons (NPC-ENs) and, to a 
lesser extent, of inhibitory neurons (NPC-INs) (Fig. 2I). This pattern 
was consistent across three independent prenatal brain atlases (fig. S2I 
and table S2) and recapitulated with a smaller network generated in 
neurons [iPSC-derived EN PPI network (iEN-PPI) (23); Fig. 2I]. These 
results indicate that ASD-relevant protein interactomes converge pri-
marily on EN generation and early differentiation, a shift from prior 
reports that broadly implicated postmitotic neurons based on enrich-
ment of hcASD genes alone (4, 6).

ASD-PPI reveals molecular convergence
Organizing hcASD proteins and their interactors by connectivity and 
similarity in Gene Ontology annotations (29) (Fig. 3A and table S3) 
showed functional convergence consistent with previous results 
(10, 22, 30, 31). The ASD-PPI network shows high connectivity: 31% of 
hcASD proteins interact with each other, whereas 35% of interactors 
bind multiple hcASD proteins (fig. S3A and table S3), suggesting func-
tional overlap. Consistent with this, the network exhibits an increase 
in edge density and average node degree, measures associated with 
molecular convergence, while demonstrating low modularity (Fig. 3B 
and fig. S3B). This reflects a dense, interconnected landscape across 

hcASD proteins rather than segregation into isolated modules. These 
values are more extreme than those observed in previously published 
AP-MS networks organized around unified biological themes, such 
as tyrosine kinases [n = 90 (32)] or breast cancer genes [n = 39 (12)], 
indicating stronger molecular convergence in ASD-PPI (Fig. 3B and 
fig. S3B). Stratifying hcASD proteins by clinical phenotype [ASD-
predominant (ASDp) versus broad neurodevelopmental (ASDNDD) (4)] 
shows no increase in interactor overlap, suggesting no functional 
distinction between these hcASD subgroups (fig. S3, B and C; and 
table S3).

Several hcASD proteins interact with protein complexes previously 
linked to ASD through both known and previously unknown interac-
tions. These include the Sin3 complex [progenitor cell proliferation and 
differentiation (33, 34)], the Mediator complex [transcription and neural 
stem cell identity (35, 36)], and the PAF1 complex [progenitor prolifera-
tion and neuronal migration (37–39)], with subunits CTR9 and LEO1 
near or just below the threshold for high-confidence ASD association 
(Fig. 3, C to E; and fig. S3, D and E). Although individual components 
of the PAF1 complex did not meet the statistical thresholds for hcASD 
genes (4, 6), their high degree of connectivity to multiple hcASD proteins 
suggests a collective role in ASD pathobiology, consistent with recent 
clinical genetic evidence supporting PAF1 complex member LEO1 as an 
ASD risk gene (40). Additionally, 17 hcASD genes interact with the AP2-
associated clathrin-mediated endocytosis complex (Fig. 3F), suggesting 
that these genes have diverse roles beyond gene regulation.

ASD-PPI is enriched for disease-relevant direct PPIs as 
predicted by AlphaFold
ASD-PPI includes both direct and indirect PPIs. To identify direct 
binding partners and their three-dimensional (3D) interaction inter-
faces, we repurposed AlphaFold-Multimer (AF) (41, 42) to screen our 
ASD-PPI, which constrains the prediction of hcASD protein interactions 
across the human proteome to 1881 experimentally supported interac-
tions (Fig. 4A and table S4). This included both hcASD-protein–interactor 
(hcASD-int; ASD-PPI) and interactor-interactor (int-int) pairs, the lat-
ter not directly assayed by our AP-MS. To identify a robust predictor 
of direct interactions, we evaluated several AF-derived metrics. The 
mean interface-predicted template modeling–score (mean ipTM) (41), 
which reflects the consistency and accuracy of predicted interaction 
interfaces, best distinguished hcASD-int pairs from negative controls 
(hcASD-random), with scores above 0.5 showing a 5- to 10-fold enrich-
ment for likely direct contacts (Fig. 4B and fig. S4, A and B). This 
identified 113 high-confidence direct hcASD protein interactions [false 
discovery rate (FDR) 10 to 20%, 49 of 113 were previously unrecog-
nized] (fig. S4C and table S4) and 466 indirect interactors connected 
to hcASD proteins via intermediate binding partners (int-int links; 
Fig. 4C and table S4). ASD-PPI showed nearly twice the rate of pre-
dicted direct interactions compared with iEN-PPI (23), suggesting that 
ASD-PPI is enriched for direct PPIs.

We validated a subset of predicted interactions using the NanoLuc 
(N2H) split luciferase binary interaction assay (43, 44), confirming 12 
of 37 tested pairs (∼32%) as direct binders (fig. S4D), in range with 
N2H performance on known direct interactors and greater than the 
10 to 15% typically observed for AP-MS data (45–47). Several pairs that 
were negative in N2H (for example, NUP155-SMPD4, SETD5-TBL1X, 
GNAI1-TNFAIP8, DYRK1A-KIAA0232, and DYRK1A-DCAF7) were con-
firmed by immunohistochemistry-based colocalization in NPCs, pro-
viding orthogonal support for their physical proximity (fig. S4E and 
also see fig. S5E). The previously unknown PPI and AF-predicted in-
teraction between NUP155 and SMPD4 (Fig. 4G), a protein linked to 
microcephaly (48), highlights the approach’s value for uncovering key 
interactions in neurodevelopmental conditions.

The interaction between hcASD protein DYRK1A and DCAF7 exem-
plifies a high-confidence AF interface prediction (Fig. 4, B and D to 
F). Although established (49), its 3D structure remains unsolved. The 
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Fig. 2. ASD-PPI interactors are expressed in brain and enriched for ASD genetic risk. (A) Expression of hcASD genes, interactorsno hcASD, and other HEK293T proteins in 
prenatal brain (20). (B and C) Expression correlation of hcASD genes versus interactorsno hcASD across 524 brain samples [Pearson’s coefficient of determination (R2) = 0.81,  
P < 1 × 10−15] (B) and developmental periods [(C) Spearman’s correlation coefficient (ρ) = 0.946]. (D and E) Interactor enrichment for ASD de novo damaging mutations (D) 
and ASD or schizophrenia risk genes (5–7, 26) (E). (F and G) Effect of bait number on interactor ASD risk enrichment (F) and hcASD+ recovery (G). Shading in (G) indicates  
±1 SD from the median across 1000 permutations. OR, odds ratio. (H) Prenatal brain scRNA-seq t-distributed stochastic neighbor embedding (t-SNE) (27). Endoth., 
endothelial; Div., dividing; Prog., progenitor; OPC, oligodendrocyte precursor cell. (I) Relative coexpression of ASD-PPI and iEN-PPI networks across cell types with and without 
STRING. Color indicates edge coexpression relative to other cell types for nominally significant cell types (P < 0.05); gray indicates others. Data were analyzed by Student’s t test 
(A), one-sided Fisher’s exact test [(D), (F), and (G)], or Wilcoxon rank-sum test (I). Nominally significant is P < 0.05, and significant is Bonferroni-adjusted P < 0.05. For 
boxplots, the center line represents the median, box limits are the interquartile range (IQR), and whiskers are ±1.5 × IQR. For dot-whisker plots, OR is ±95% confidence interval 
(CI). n.s. is not significant, *0.01 < P < 0.05, **0.001 < P < 0.01, and ***P < 0.001.
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predicted interface matches the known DCAF7-binding region of 
DYRK1A (residues 80 to 100) (50) and shows high evolutionary conser-
vation, consistent with selective pressure to preserve functionally im-
portant binding (Fig. 4, E and F). Deletion of this region (DYRK1AΔ80-100) 
disrupts binding to DCAF7 but not to FAM54C, which binds the DYRK1A 
catalytic domain (residues 156 to 479) (51) (fig. S4F and table S4). These 

findings demonstrate the ability of AF to predict direct PPIs as well as 
the specific interfaces mediating these interactions. We further con-
firmed that AF-predicted interfaces can model the impact of patient 
mutations: Targeted mutagenesis of the GNAI1-RIC8A interface showed 
that binding affinity correlates with predicted pathogenicity (see next 
sections and fig. S8E).

Fig. 3. ASD-PPI demonstrates molecular convergence among hcASD proteins. (A) ASD-PPI network map, with hcASD proteins and interactors positioned based on 
connectivity (AP-MS) and shared Gene Ontology (GO) terms. Interactor color reflects representative enriched GO categories that were selected to maximize coverage while 
minimizing redundancy. (B) Interactor overlap among bait pairs in ASD-PPI, breast cancer PPI (12), and kinome PPI (32), shown as the proportion of significant pairwise overlaps 
(hypergeometric P < 0.05). Proportions were converted to Z scores separately for each network by comparison with 1000 random degree-matched BioPlex networks (violins). 
(C to F) PPI networks showing hcASD protein interactions with the Sin3 (C), Mediator (D), PAF1 (E), and AP2-mediated clathrin-coated pit (F) complexes. Dark lines indicate 
AP-MS edges, thin gray lines indicate CORUM or STRING edges, and gray shading denotes CORUM complexes.
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Fig. 4. AF predicts direct PPI interaction interfaces. (A) Workflow for AF interface predictions of hcASD-int (n = 1763) and int-int (n = 29,850) pairs. Example subnetwork 
shows AF-predicted edges linking two hcASD proteins via int-int interactions (purple). (B) Distribution of AF ipTM scores across PPI sets. The dotted line indicates the ipTM = 
0.5 threshold, where hcASD protein-int pairs have ~5-fold enrichment over random controls. The comparison includes iEN-PPI (23) and hcASD-random (negative control).  
(C) Interactor counts per hcASD protein (gray), highlighting those predicted as direct by AF (blue). Purple lines denote interactors connected to hcASD proteins via AF-validated 
direct or mediated (int-int) paths. For hcASD proteins lacking direct AF edges, red lines indicate the largest AF-validated interactor complex. (D to F) AF-predicted DYRK1A-
DCAF7 structure (D) colored by model confidence [predicted local distance difference test (pLDDT); (E)] or sequence conservation [ConSurf; (F)]. (G) AF-predicted NUP155-
SMPD4 structure. (H) Relative coexpression of ASD-PPIs with or without AF int-int edges across brain cell types [(27); see Fig. 2H]. Color reflects relative network edge 
coexpression in each cell type compared with all others (Wilcoxon rank-sum test, estimated median difference). Nominally significant cell types (P < 0.05) are colored, and 
others are gray.
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To determine whether the AF-supported direct interactome is en-
riched in specific cell types, we evaluated its expression across the three 
prenatal brain scRNA-seq cell atlases (27, 52, 53) as described above 
(see Fig. 2I and fig. S2I). The 113 AF-predicted direct hcASD-int pairs 
showed no cell-type enrichment; however, the inclusion of AF-predicted 
int-int connections led to an enrichment in NPCs, particularly NPC-ENs 
(Fig. 4H, fig. S4G, and table S4), consistent with our STRING-based 
findings (see previous sections; Fig. 2I and fig. S2I). This pattern was 
recapitulated with iEN-PPI (Fig. 2I and fig. S2I). Thus, the ASD in-
teractome converges primarily on the generation and early differentia-
tion of the excitatory lineage.

The DCAF7-DYRK1A-KIAA0232 complex regulates neurogenesis 
and differentiation
To further explore molecular convergence, we focused on seven “hub 
interactors” that bind eight or more hcASD proteins (Fig. 5A and 
fig. S3A). Only the DCAF7 interactome showed strong enrichment for 
additional ASD risk genes [hcASD+; (6)] in available interactomes 
(54), suggesting that hcASD proteins converge on DCAF7 (Fig. 5B and 
table S5).

DCAF7 is an adaptor protein that interacts with hcASD proteins such 
as DYRK1A, regulating its nuclear translocation and protein interactions 
(for example, with HAP1) (55), and AUTS2 and SKI to regulate neuronal 
lineage specification, highlighting its role in neurodevelopment (56). 
Comparing interactor overlap with DCAF7 and its binding hcASD partners 
revealed that hcASD proteins DYRK1A and previously uncharacterized 
KIAA0232 share substantial interactor overlap with DCAF7 (Fig. 5D and 
table S5), and AF predicted both to be direct DCAF7 interactors (table S4). 
Endogenous DYRK1A AP-MS in iPSC-derived iENs recovered DCAF7 and 
KIAA0232 and showed considerable overlap with HEK293T cell–derived 
interactors (fig. S5, A and B). Sequential AP-MS in HEK293T cells further 
confirmed that these three proteins physically interact as a complex, 
whose 126 shared interactors are enriched for hcASD+ (Fig. 5E and fig. S5, 
C and D). All three proteins localize to mitotic spindles in HEK cells and 
NPCs (fig. S5E), consistent with previous findings for DYRK1A in Xenopus 
and human NPCs (57, 58). Furthermore, ASD-PPI interactors are enriched 
for proteins associated with mitotic spindle organization, such as centrio-
lar satellites and centrosomes (fig. S5F and table S5).

We evaluated whether DCAF7, DYRK1A, and KIAA0232 share neu-
rodevelopmental functions in vivo. Prior work showed that DYRK1A 
loss in Xenopus disrupts the cell cycle, increases apoptosis, and re-
duces telencephalon size (58). Using CRISPR-Cas9 mutagenesis in 
Xenopus, we found that knockout (deletion; KO) of dcaf7 or kiaa0232 
phenocopies dyrk1a loss, reducing telencephalon size and linking 
this complex to an ASD-associated phenotype (Fig. 5F and table S5). 
To relate this to human clinical presentations, we analyzed cortical 
organoid scRNA-seq data from idiopathic ASD patients (59): The 
DCAF7-hcASD protein subnetwork was enriched among differentially 
expressed genes (DEGs) in normocephalic, but not macrocephalic, 
ASD (fig. S5G). This suggests that DCAF7 interactions contribute to 
ASD presentations without macrocephaly, consistent with the re-
duced forebrain growth observed in Xenopus.

To investigate cellular mechanisms, we used CRISPR-mediated knock-
down (KD) in human iPSC-derived NPCs to reduce expression of DCAF7, 
DYRK1A, or KIAA0232. DCAF7 KD increased cell death during neuronal 
differentiation (fig. S5, H and I; and table S5), consistent with DCAF7’s 
role in promoting cell viability (60). KD of either DCAF7 or KIAA0232 
reduced the proportion of Ki67-positive NPCs, indicating impaired pro-
genitor proliferation (fig. S5, J and K; and table S5). Global proteomics 
revealed coordinated changes after DCAF7 or KIAA0232 KD in NPCs 
(fig. S6A), enriched for hcASD+ and cell cycle, chromatin, and transcrip-
tional regulators (fig. S6, B and C; and table S5). By contrast, DYRK1A KD 
modestly increased Ki67-positive NPCs (fig. S5, J and K), consistent with 
dose-dependent DYRK1A effects (61,  62). Indeed, although DYRK1A 
mRNA was markedly reduced, global proteomics detected only a marginal 

decrease in DYRK1A protein amounts (fig. S6D), suggesting robust 
posttranscriptional buffering in NPCs. Despite this buffering, the expres-
sion of critical neurogenic transcription factors—PAX6, FOXG1, and 
SOX2—that are in part regulated by DYRK1A (63–65) was down-regulated 
upon KD of all three complex members (Fig. 5, G and H; and table 
S5). Collectively, these data indicate that disruption of the DCAF7-
DYRK1A-KIAA0232 complex impairs neurogenesis across species.

hcASD gene missense mutations alter PPIs and result in 
convergent interaction changes
We next assessed how 54 patient-derived damaging de novo missense 
mutations predicted to be highly deleterious (4) across 30 hcASD pro-
teins reconfigure PPIs (Fig. 6A and table S6). This mutant network 
(ASDmut-PPI) identified 253 significantly altered interactions (P < 0.05), 
both gained or strengthened and lost or weakened (Fig. 6, B to D; table 
S6; and materials and methods). Lost interactions (136; 95 unique 
interactors) were enriched for hcASD proteins (fig. S7A and table S6), 
supporting a primary loss-of-function mechanism (66). Mapping these 
interactions in human NPCs confirmed strong overlap with our 
HEK293T data, with shared interactors significantly enriched for both 
mutation-sensitive and AF-predicted direct links (Fig. 6D, fig. S7B, and 
table S6), supporting network robustness across cellular contexts.

Given the convergence in ASD-PPI, we examined whether missense 
mutations in the same or across different hcASD genes cause shared 
protein interaction changes. In the 13 hcASD proteins with multiple vari-
ants, 45% of altered interactions were replicated across two or more 
mutants (for example, SLC6A1 and FOXP1 mutants; Fig. 6D and ta-
ble S6). We additionally identified 15 interactors that showed consis-
tent changes across two different hcASD mutants; for example, three 
FOXP1 mutants and one FOXP2 mutant lose interaction with FOXP4 
(Fig. 6D; fig. S7, C and D; and table S6).

Integrating ASDmut-PPI with other PPI networks (23, 54, 67–70) (see 
materials and methods, fig. S7E, and table S6) revealed that differential 
interactions consistently converge on the functional modules identi-
fied in the WT network (Fig. 3, C to F). For example, both MKX mu-
tants [Arg93→Gly (R93G), L89F] enhance interactions with the Sin3 
transcriptional repression complex, whereas both MYT1L mutants 
(H522Q, C504R) reduce interactions with the Mediator complex, sug-
gesting dysregulation of gene expression regulation. Similarly, both 
STXBP1 mutants (R551C, A251T) and both AP2S1 mutants (R10W, 
G64D) show stronger interactions with vesicle transport and clathrin 
complexes, respectively. Collectively, these findings indicate that patient-
derived mutation-driven interaction changes converge on key biological 
processes that govern neurodevelopment. [Single-letter abbreviations 
for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; 
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.]

We next leveraged AF to prioritize direct interactions where an hcASD 
gene mutation is located at the predicted interaction interface (<10 Å; 
see materials and methods) (Fig. 7A). This identified 34 mutations 
across 22 hcASD genes at the interface of 216 interactions (table S7). 
Forty-six percent of interactions weakened in the mutant state are 
associated with a mutation at the interface, versus only 18% of strength-
ened interactions, suggesting that interface mutations are primarily 
disruptive (fig. S8A and table S7). For example, the PPP2R5D E198K 
mutation directly contacts the interaction interface (1.6 Å), leading to 
the loss of interaction with PPP4C (Fig. 7, B and C; and fig. S8B). By 
contrast, a mutation in GNAI1 I319T more distant to its interface with 
RIC8A (71) (6.1 Å) strengthens the PPI (Fig. 7, D and E; and fig. S8C). 
Targeted mutagenesis of this residue revealed that interaction affinity 
correlates with predicted pathogenicity: Whereas the benign variant 
I319V showed no change, three damaging variants altered RIC8A bind-
ing (fig. S8E). Finally, three FOXP1 missense variants evaluated in 
ASDmut-PPI disrupt its interaction with FOXP4 (Fig. 7F) and are pre-
dicted to be highly pathogenic (fig. S8F and table S7). Despite residing 
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at different structural locations—FOXP1 R513H at the DNA interface 
and FOXP1 L327P at the FOXP1-FOXP4 interface (Fig. 7G, fig. S8D, and 
movie S1)—all variants consistently weaken the FOXP1-FOXP4 associa-
tion (Fig. 7, H and I), which led us to prioritize FOXP1 for additional 
functional investigation.

Collectively, our analysis of the WT and mutant networks revealed a 
dual-layered molecular convergence. First, the WT ASD-PPI identifies 
stable “molecular crossroads”—hub interactors such as DCAF7 that link 
disparate hcASD proteins into unified complexes. Second, the ASDmut-
PPI reveals a “functional convergence” of patient-derived variants; 

Fig. 5. DCAF7 forms a complex with multiple hcASD proteins. (A) ASD-PPI “hub” interactors binding ≥8 hcASD proteins. (B) Enrichment of hcASD+ in known interactomes of hub 
interactors from BioGRID (54). The dashed line indicates OR = 1 (no enrichment). (C) Hub interactor DCAF7 binds eight hcASD proteins in ASD-PPI. (D) Overlap between DCAF7 BioGRID 
interactors and ASD-PPI interactors of hcASD proteins bound by DCAF7. (E) MS sequence coverage from sequential immunoprecipitation of DYRK1A and KIAA0232. (F) Xenopus 
telencephalon size after unilateral single guide RNA (sgRNA) injection targeting Dcaf7, Dyrk1a, or Kiaa0232 versus nontargeting control (sgNTC). Scale bar is 50 μm. (G) CRISPR KD 
in NPCs of DYRK1A (pink), DCAF7 (purple), and KIAA0232 (blue) mRNA in respective cell lines. (H) Quantitative reverse transcription polymerase chain reaction (RT-PCR) in KD NPCs 
showing PAX6, SOX2, and FOXG1 expression versus NTC expression. Data were analyzed by Fisher’s exact test (one sided, greater) [(B) and (D)], paired t test (F), or one-way analysis 
of variance (ANOVA) (H). P values are unadjusted (B) or corrected using the Bonferroni (D) or Dunnett (H) method. For dot-whisker plots in (B) to (D), dots represent OR, and whiskers 
represent 95% CI. For bar graphs, data are means ± SEM (n = 3 biological replicates). n.s. is not significant, *0.01 < P < 0.05, **0.001 < P < 0.01, and ***P < 0.001.
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disparate mutations in the same genes, for example, MKX, STXBP1, 
and AP2S1, or different genes, for example, FOXP1 and FOXP2, drive 
similar directional changes in interaction strength within their respec-
tive functional modules. This suggests that although ASD risk is geneti-
cally heterogeneous, the molecular consequences of these mutations 
collapse onto a limited set of vulnerable protein systems.

hcASD gene mutations alter cortical neuron differentiation
FOXP1 encodes a forkhead box domain–containing transcription factor 
expressed in early brain development (72–75). To identify neurodevel-
opmental processes disrupted by ASD patient variants, we generated 
isogenic iPSC lines with a FOXP1R513H allele, selected for its predicted 
high pathogenicity (Fig. 8, A and B; and fig. S8F). We confirmed the 

Fig. 6. Patient-derived hcASD gene missense mutations alter protein interactions. (A) Overview of the generation of the ASD patient-derived mutant network (ASDmut-PPI).  
(B) Interaction changes between mutant and WT hcASD proteins, grouped by hcASD proteins with mutations labeled on the x axis. Significantly weakened (blue) or strengthened 
(red) hcASD protein interactions are highlighted, with mutant- or WT-specific interactions plotted at log2FC (fold change) = ∞ and –∞, respectively. (C) Quantification of differential 
protein interactions showing hcASD mutant–enriched interactions (red) and WT hcASD–enriched interactions (blue). (D) Network view of significant differential interactions in 
ASDmut-PPI. Edge color reflects interaction specificity (blue, stronger in WT; red, stronger in mutant), and dashed edges indicate interactions specific to mutant or WT. CORUM 
protein complexes (yellow) and GO biological processes (blue) highlight functional modules disrupted within and across hcASD proteins. In (B) to (D), data were analyzed by pooled  
t test on intensity values, with FDR estimated using Storey’s q method; interactors with |log2FC(Mut/WT)| ≥ 1, FDR < 0.1, and P < 0.05 were considered significantly differential.
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loss of FOXP1-FOXP4 interaction in FOXP1R513H/WT iPSC-derived NPCs 
(fig. S9A) and assessed cell-type composition in organoids using im-
munostaining at time points that correspond to early (day 39) and 
late cortical neurogenesis (day 101) (76). During early neurogenesis, 
we found a reduction in PAX6+ progenitor cells and an increase in the 

abundance of both BCL11B+ layer V neurons and TBR1+ layer VI/subplate 
neurons in FOXP1R513H/WT compared with FOXP1WT/WT (Fig. 8B). At 
day 101, we found no difference in the abundance of PAX6+ cells, but a 
reduction in BCL11B+ cells in FOXP1R513H/WT organoids (Fig. 8B). The abun-
dance of TBR1+ cells was lower in FOXP1R513H/WT than in FOXP1WT/WT, 

Fig. 7. AF maps hcASD gene mutations to protein structures and interaction interfaces. (A) Workflow to prioritize protein interactions affected by hcASD gene mutations using 
AP-MS and AF structure predictions. (B, D, and F) Differential ASDmut-PPI networks for PPP2R5DE198K (B), GNAI1I319T (D), and FOXP1R513H, FOXP1R513C, and FOXP1L327P (F). Edge 
colors and significant differential interactions are as in Fig. 6D. (C, E, and G) AF-predicted interactions for PPP2R5D-PPP4C with E198 at the interaction interface (C), 
GNAI1-RIC8A with I319 at the interaction interface (E), and model of the FOXP1-FOXP4 (yellow-green) complex visualizing the relative flexibility of structured DNA binding and 
coiled-coil domains (shown in surface rendering) mediated by interspacing intrinsically disordered regions (coil). Highlighted in red are FOXP1 residues R513 at the FOXP1 
DNA-binding interface and L327 at the FOXP1-FOXP4 dimerization interface (G). (H) IP–Western blot of nontransfected control (NTC) or Strep-tagged FOXP1WT, FOXP1R513C, 
FOXP1R513H, or FOXP1L327P in HEK293T cells. (I) Quantification of data from (H). Data are shown as means ± SEM (n = 3 biological replicates). Data were analyzed by one-way 
ANOVA with Dunnett’s correction; adjusted P (Padj) = 0.0011 (FOXP1R513C), Padj = 0.0018 (FOXP1R513H), and Padj = 0.0141 (FOXP1L327P).
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Fig. 8. hcASD variants alter deep-layer cortical neurogenesis in forebrain organoids. (A) Isogenic iPSC generation and differentiation workflows with validation (R513H; right). 
(B) Immunofluorescence images showing immunohistochemistry and quantification of PAX6+, TBR1+, and BCL11B+ cells at day 39 and day 101 in FOXP1 R513H/WT versus WT. EGF, 
epidermal growth factor; FGF, fibroblast growth factor; IHC, immunohistochemistry; SB, SB431542 (neurotrophin-3 and brain-derived neurotrophic factor); IWR, IWR-1-endo (small 
molecule); LDN, LDN-193189 (small molecule); WB, Western blot. (C and D) CUT&Tag analysis showing DNA binding overlap (C) and genomic distribution (D) of FOXP1 and 
FOXP4. (E and F) scRNA-seq uniform manifold approximation and projection (UMAP) visualization (E) and cell type–specific DEGs (F) in day 111 organoids. (G) Immunofluorescence 
images showing rescue of the day 39 differentiation phenotype in FOXP1 R513H/WT upon FOXP4 KO. (H and I) Multielectrode array recordings (H) and representative raster 
plots (I). (J) Immunofluorescence images showing immunohistochemistry and quantification of the FOXP1 L327 allelic series (WT, heterozygous, homozygous) at day 39 and  
day 101. (K) Pearson’s correlation of EN-3 DEGs between variants. In (B), (G), and (J), data were analyzed by linear mixed model (day 39) or linear regression (day 101) followed by 
permutation testing and Benjamini-Hochberg correction; n = 10 to 13 organoids [(B); day 39, day 101], n = 2 to 6 [(G); day 39, day 101], n = 8 to 11 [(J); day 39], and n = 5 to 8 [(J); 
day 101]. Data were analyzed by Wilcoxon rank-sum test with Bonferroni correction in (F) and by one-sided Mann-Whitney U test in (I) with n = 6 organoids. For bar graphs, data are 
means ± SEM. Scale bars are 50 μm. CP, cortical plate; VZ, ventricular zone–like. n.s. is not significant; *0.01 < P < 0.05; **0.001 < P < 0.01; and ***P < 0.001.
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but this difference did not reach statistical significance after correcting 
for multiple comparisons. Concurrently, D101 FOXP1R513H/WT organoids 
exhibited an increase in SATB2+ neurons (fig. S10B). These results sug-
gest premature differentiation of cortical neurons in FOXP1R513H fore-
brain organoids, consistent with prior findings across multiple in vivo, 
in vitro, and in silico models (22, 59, 77, 78).

To assess whether the mutation alters DNA binding, we performed 
CUT&Tag for FOXP1 and FOXP4 (79) (fig. S9B and table S8). In FOXP1WT/WT 
organoids, 94.7% of FOXP4 peaks overlapped with FOXP1 peaks (Fig. 
8C), consistent with their function as a heterodimer. By contrast, only 67.4% 
of FOXP4 peaks overlapped with FOXP1-bound peaks in FOXP1R513H/WT 
organoids (Fig. 8C). Although 85% of FOXP1 peaks in FOXP1R513H/WT 
organoids overlap with those observed in FOXP1WT/WT, only 37% of 
FOXP1R513H/WT FOXP4 peaks overlapped with those in FOXP1WT/WT, 
with 4700 FOXP4 peaks in FOXP1R513H/WT organoids not found in 
controls (Fig. 8D). These findings suggest that FOXP1 missense variants 
affect FOXP4 function, with the loss of FOXP1-FOXP4 physical interac-
tion leads to gain of FOXP4 binding at new genomic sites.

Using scRNA-seq, we identified DEGs between the mutant and WT 
organoids in ENs. We identified three EN clusters along the maturation 
trajectory: cortical deep layer 6 and subplate neurons (EN-3: high 
expression of SOX5, NR4A2, TBR1), deep layer 5/6 neurons (EN-2: high 
expression of FOXP2, PBX3, and MEIS2), and deep layer 5 neurons (EN-1: 
high expression of FOXP1, ROBO1, and BCL11B). The greatest number 
of DEGs were found in the EN-3 cluster (Fig. 8, E and F; and fig. S9, 
C and D), corresponding to the population displaying premature dif-
ferentiation in FOXP1R513H/WT organoids (Fig. 8B). DEGs in EN-3 were 
enriched for FOXP1 and FOXP4 targets (fig. S9E), and up-regulated 
genes with reduced FOXP1 binding in CUT&Tag were enriched for 
hcASD+ (fig. S9F and table S8). Of EN-3 DEGs, 43% and 32% showed 
new FOXP1 and FOXP4 binding, respectively. Furthermore, 21% ex-
hibited a “switch” from lost FOXP1 binding to new FOXP4 binding 
(fig. S9, F and G; and table S8). These findings suggested a gain of 
function or loss of specificity of FOXP4 in FOXP1R513H/WT organoids, 
potentially compensating for or compounding the loss of FOXP1 bind-
ing at these loci.

To determine whether the disrupted FOXP1-FOXP4 PPI could con-
tribute to the cortical neurogenesis phenotype (fig. S9A), we generated 
double-mutant iPSC lines with a loss-of-function mutation in FOXP4 
in the FOXP1R513H/WT background (FOXP1R513H/WT-FOXP4KO; fig. S9H). 
Forebrain organoids showed deep-layer neuron proportions similar to 
controls (Fig. 8F). These data suggest that a gain of FOXP4 function 
may account for the cortical neurogenesis defects in the FOXP1R513H 
organoids. Thus, the R513H mutation represents not merely a simple 
loss of FOXP1 function, but a pathogenic gain of function for its dis-
rupted interactor, FOXP4. Although the exact rescue mechanism needs 
to be determined, these data demonstrate that FOXP4 deletion sup-
presses the FOXP1 mutant phenotype.

To connect the cellular defects in FOXP1R513H/WT to functional prop-
erties, we recorded neural activity in organoids using multielectrode 
arrays. FOXP1R513H/WT organoids showed consistently higher mean 
firing rates than the isogenic control organoids (Fig. 8, H and I; and 
fig. S9I). Additional analyses of population-level parameters did not 
reveal changes in the spike time tiling coefficient, interspike intervals, 
and various burst metrics (fig. S9, J and K), suggesting alterations in 
baseline firing rather than network-wide properties. These results 
suggest that altered differentiation of cortical neurons observed in 
FOXP1R513H/WT organoids has functional consequences similar to those 
observed in independent studies of human stem cell–derived neuronal 
cultures harboring mutations in hcASD genes (80, 81).

Finally, we examined whether iPSCs carrying the FOXP1L327P mutation 
(fig. S10A), which resides at the predicted FOXP1-FOXP4 heterodimer 
interface and also leads to a loss of FOXP1-FOXP4 interaction, would 
phenocopy neurodevelopmental alterations identified in FOXP1R513H/WT 
organoids. Similar to FOXP1R513H/WT, we found an increase in BCL11B 

during early neurogenesis and a decrease at the later time point (Fig. 8J) 
with a concurrent increase in SATB2+ neurons (fig. S10B) and a reduction 
of PAX6+ cells in both FOXP1L327P/L327P and FOXP1L327P/WT organoids 
(Fig. 8J). TBR1+ cells were likewise increased in FOXP1L327P/L327P early 
and decreased in FOXP1L327P/WT organoids at a later time point (Fig. 
8J). DEGs identified using scRNA-seq in organoids during late neuro-
genesis showed concordant effect size and directionality between het-
erozygous FOXP1L327P/WT and FOXP1R513H/WT genotypes in the EN-3 
cluster (Fig. 8K and fig. S10C). The abundance of γ-aminobutyric acid–
containing (GABAergic) neurons was not altered in organoids with 
either the FOXP1L327P or FOXP1R513H mutation (fig. S10D), suggesting 
that the phenotypes were limited to the excitatory lineage. Thus, muta-
tions that disrupt different structural domains of the FOXP1 protein 
phenocopy each other by destabilizing the FOXP1-FOXP4 heterodimer, 
leading to convergent phenotypes of premature progenitor exhaus-
tion and aberrant deep-layer neurogenesis. Finally, to test whether 
cortical neurogenesis phenotypes are detected in the case of other ASD 
mutations, we introduced the E198K variant of high predicted patho-
genicity (fig. S7E) into the endogenous locus of PPP2R5D (82). 
Consistent with findings for FOXP1 mutations, during early neurogen-
esis, PPP2R5DE198K/E198K organoids demonstrated a decrease in PAX6+ 
cells and an increase in BCL11B+ cells (fig. S10, E and F).

Discussion
Despite substantial progress in defining the genetic architecture of 
ASD, identifying causal molecular mechanisms and therapeutic targets 
has remained a central challenge (10, 83). Efforts to identify convergent 
biology across hcASD genes have largely relied on transcriptomic 
analyses and low-throughput functional studies, leaving the proteomic 
landscape comparatively underexplored. In particular, whether and 
how genetically heterogeneous ASD risk genes organize at the level of 
protein complexes—and how disease-causing mutations perturb these 
interactions—remain poorly defined.

Here, we integrated large-scale human genetics, AP-MS, and AF-based 
structural prediction to map the physical interactome of proteins im-
plicated in ASD. Mapping PPIs for 100 hcASD genes and 54 patient-derived 
missense variants in HEK293T cells enabled the depth, reproducibility, 
and scale required for comprehensive interactome mapping and sys-
tematic mutant interrogation, consistent with prior applications of this 
approach across diverse disease contexts (12–19). Multiple orthogonal 
lines of evidence support the disease relevance of these data, including 
strong overlap with neuronal interaction networks, high coexpression 
with hcASD genes in the developing human brain, selective enrichment 
for ASD—but not schizophrenia—risk genes, and functional validation 
moving from HEK293T cells to Xenopus and human brain organoids.

Our data reveal a dual-layered molecular architecture underlying 
ASD, where ASD risk proteins converge onto stable, shared protein 
complexes and independent ASD-associated mutations induce conver-
gent patterns of interaction rewiring. Together, these layers provide a 
mechanistic bridge between genetic variation and neurodevelopmental 
dysfunction and nominate specific protein complexes, interactions, and 
interfaces as candidate therapeutic entry points. The ASD-PPI network 
highlights molecular modules not readily detectable by gene-centric 
genetic studies alone (4, 6); identification of the PAF1 complex as a cen
tral hub illustrates how coherent protein assemblies can harbor mul-
tiple ASD-relevant components whose individual genetic signals fall 
below stringent significance thresholds.

Despite extensive genetic and phenotypic heterogeneity of ASD, the 
substantial interactor overlap among hcASD proteins suggests that a 
relatively limited set of molecular pathways may underlie core ASD biol-
ogy, particularly for the severe end of the ASD spectrum that is mark-
edly enriched for large-effect coding mutations (4, 8, 84, 85). Although 
deleterious variants in the same genes have a very high degree of pheno-
typic variability, contributing to multiple neurodevelopmental condi-
tions, including ASD, epilepsy, intellectual disability, and schizophrenia, 
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the ASD network described here exhibits distinctiveness for ASD, as 
evidenced by the absence of enrichment for schizophrenia risk genes. 
These findings raise the possibility that disease specificity may emerge 
not simply from gene identity but from how mutations perturb protein 
networks within developmentally relevant contexts.

Systematic comparison of WT and mutant PPIs revealed recurrent 
gain and loss of interactions across multiple hcASD variants, high-
lighting shared molecular vulnerabilities across genetically distinct 
mutations. Integration of AF predictions enabled identification of 
candidate interaction interfaces affected by disease-causing muta-
tions. Although AF was not designed for interaction discovery, its 
performance in this context, particularly when leveraging consis-
tency across predictions rather than maximum scores, outperformed 
conventional approaches and enriched for physiologically relevant 
interactions. Interactions observed across multiple cellular contexts 
were more likely to exhibit high AF confidence and mutation sensitiv-
ity, suggesting that broadly conserved interactions may represent core 
functional nodes.

Functional validation in human NPCs and forebrain organoids dem-
onstrated that mutation-induced PPI rewiring has direct consequences 
on neurodevelopment. FOXP1 variants disrupted FOXP1-FOXP4 in-
teractions, altered DNA binding, and promoted ectopic recruitment 
of FOXP4 to additional genomic loci. Despite high expression of 
FOXP1 in ganglionic eminences (86), we did not detect similar differ-
ences in GABAergic neurogenesis, potentially owing to compensation 
by other FOXP family members (87). Our data suggest that FOXP4, 
which is highly enriched in cortical but not subcortical progenitors 
(27, 77), is responsible for altered glutamatergic neurogenesis. Altered 
cortical neurogenesis has been shown in recent reports using stem 
cell–derived models of ASD (59, 77), and we also detected a similar trend 
in organoids with a missense mutation in PPP2R5D. Together, these 
findings underscore the importance of altered timing of cortical neuro-
genesis to ASD (fig. S10G), consistent with high coexpression of hcASD 
genes in these cell types (4, 22), as well as findings from postmortem 
brain tissue (88).

Collectively, this study establishes a generalizable framework for mech-
anistic interpretation of genomic risk through PPI mapping. By inte-
grating WT and mutant interactomes with structural modeling and 
human organoid systems, we enable causal inference at single-mutation 
resolution while maintaining the systemic context of the broader mo-
lecular landscape. Identification of both lost or weakened and aber-
rantly gained or strengthened interactions delineates complementary 
therapeutic strategies, including stabilization of disrupted complexes 
and inhibition of pathological interactions. More broadly, this platform 
prioritizes druggable protein interfaces and pathways, offering a rational 
foundation for precision therapies aimed at restoring neurodevelop-
mental trajectories and circuit-level function in ASD and establishing 
a generalizable blueprint for mechanistic drug discovery across neu-
rological and psychiatric disease.

Materials and methods are available in the supplementary materials.
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Autism mutations rewire protein interaction networks to drive neurodevelopmental
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Science 393 (6814), eady4523.  DOI: 10.1126/science.ady4523

Editor’s summary
A large number of genomic and transcriptomic datasets have revealed valuable insights into the biology of autism
spectrum disorder (ASD). Wang et al. produced a complementary resource by mapping 100 high-confidence ASD
genes and producing a large protein-protein-interaction (PPI) network, identifying more than 1800 interactions, most
of which (87%) have never been reported previously. By integrating affinity purification–mass spectrometry data with
AlphaFold-based structural predictions and by validating key interactions in human induced pluripotent stem cell–
derived organoids and Xenopus embryos, the authors showed that disease-associated variants selectively weakened
or strengthened specific PPIs, producing convergent neurodevelopmental phenotypes even when the variants reside in
different genes. This study provides a valuable resource for understanding the biology of ASD. —Mattia Maroso
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