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Supplementary Notes

Gene selection

We analyzed constitutive mutants for Ash1l, Bckdk, Cul3, HnrnpU, Kdm6b, Kmt5b,
Ptchd1, Setd5, Trip12, Usp7, or Wac, together with colony-matched wild-type controls
(Supplementary Fig. 1a). Models were selected to represent diverse functional
pathways, inheritance modalities, and ubiquitous expression profiles (Supplementary
Fig. 1b,c). All selected genes are high-confidence ASD-risk genes (SFARI Gene Score
1, V2023 Q4), except Usp7 (Score 2). Except for Bckdk and Ptchd1, we modeled de
novo, heterozygous, loss-of-function mutations as reported in patients’°. As observed
in ASD patients, we studied homozygous mutants for Bckdk ", and hemizygous
males for the X-linked Ptchd 1213,

Sex-stratified and combined analyses validate sex-specific differences in DEGs
Because variations in Cohen’s d values may reflect differences in expression levels
and/or variability in mutant and control samples, we tested whether slight sex
differences among controls influenced the results. We therefore pooled female and
male controls and compared this combined group to female or male mutants. The
pattern persisted, with several genotypes showing more DEGs in females than males
(Supplementary Fig. 2a). We independently validated these results by bulk RNAseq of
HnrnpU E16.5 mutant and wild-type littermate brains. Females again showed higher
DEG numbers than males (Supplementary Fig. 2b) with the directionality of these
DEGs preserved (Supplementary Fig. 2c-c”).

snRNAseq of male cerebellar samples

We selected a single sex (male) and time point (P4) (Fig. 6, Supplementary Fig. 3), a
stage capturing diverse cerebellar cell types within a single sample'.

We identified 16 primary cell types (Fig. 6a), with balanced distribution of samples and
genotypes across all clusters (Supplementary Fig. 3b,c). As expected for this
developmental stage'#, we primarily identified Granule cells (Reln, Rbfox3) and a small
number of Purkinje cells (Calb1). We could differentiate between molecular cell layer
interneurons (MLI; Grm8, Nxph1), Purkinje cell layer interneurons (PLI; KiIhl/1, Chrm?2),
and unipolar brush cells (UBC; Lmx1a). Several glial cell types were detected,
including Astrocytes (Apoe), Bergmann Glia (ZebZ2), Microglia (Cxcr3), and OPCs
(Pdgfra, Mag; Supplementary Fig. 3d).



Supplementary Discussion

ASD comprises a heterogeneous group of genetic conditions. Key questions are how
all these different disorders develop, the extent of shared pathophysiology, and
whether common therapeutic time windows and targets exist. By profiling monogenic
ASD models across development, we uncovered dynamic changes in the brain cellular
and molecular landscapes, highlighting the complexity of ASD trajectories.

ASD mutants converged on altered radial glial lineage progression, likely reflecting
developmental delay rather than a specific alteration in neural lineage specification, as
changes emerged early in development and resolved as the brain matures.
Consistently, we observed no differences in neuronal cell proportions at P14. These
observations align with the literature. Mutations in ASH1L, CUL3, HNRNPU, SETDS,
TRIP12, USP7, or WAC have not been linked to altered brain size in patients. In
contrast, patients and mice with BCKDK mutations develop postnatal microcephaly'°
(and unpublished data), whereas ~26% of patients with KDM6B mutations present with
macrocephaly’®. About 60% of patients with KMT5B mutations show macrocephaly;
however, this phenotype is not clearly linked to altered proliferation, as the
enlargement could reflect a cortical or subcortical phenotype'®. A lack of persistent
neuronal number changes beyond early development also aligns with human
postmortem ASD studies'”. Together, these findings suggest that neither monogenic
nor idiopathic ASD is associated with differences in neuronal cell numbers, except for
transient developmental effects. Such transient shifts raise the question of whether
early, minor cell count variations could lead to lasting connectivity alterations.

In contrast to human data'’, we observed no changes in microglial numbers,
suggesting that microglia activation might be an indirect effect emerging later in life.
However, postnatal analysis in Cul3, Setd5, and Ptchd1 mutants confirmed no
significant difference in overall microglial counts (data not shown).

Although cell numbers normalize over time, P4 exhibited the most pronounced
molecular alterations. This is intriguing since functional genomic studies hypothesized
that ASDs converge on excitatory neuron perturbation at human mid-fetal
developmental stages, corresponding to early postnatal stages in mice'®20. This
pattern is consistent with regulatory priming earlier in development and with peak
chromatin accessibility changes at E14.5.

We also found variations across genotypes. HnrmpU and Kdm6b mutants showed
many changes at E14.5 and P4 but not P14, whereas Bckdk and Trip12 mutations



affected P4 and P14. Other mutants showed minimal effects throughout. Given the
temporal ubiquitous expression of the ASD genes we have modeled, these results
suggest that the developmental context may shape phenotypic outcomes. Transient
and milder differences may also be exacerbated during particular behavioral tasks.
The same mutation can affect different biological processes at distinct developmental
stages, indicating that ASD mutation effects evolve over time. This temporal variability
may explain the challenges in identifying reliable biomarkers and achieving an early
diagnosis.

Although DEG profiles differed between mutants, we identified shared DEGs and
convergent biological processes, indicating that, despite genetic heterogeneity, ASD
mutations result in similar cell states. Our data suggest that convergence may be
driven by developmental stage rather than mutation-specific programs. Additionally,
convergence on synaptic and ion-channel functions may represent homeostatic
compensation for early developmental delays. Nevertheless, the enrichment for ion
channel-related genes among DEGs aligns with prior evidence linking ASD to
excitation/inhibition imbalances?'. Although we observed no shifts in the excitatory-to-
inhibitory quantal release ratio, electrophysiology analysis indicates altered neuronal
excitability that scaled with corresponding transcriptional profiles. A conductance-
based computational model, based on our gene expression results, reproduced key
features of the recorded responses. More advanced computational models could
therefore bridge the gap between molecular changes and phenotypes and predict
excitability states from ‘omics’ datasets.

Parallel analysis of multiple ASD models also underscored differences. Mutations in
genes with similar molecular functions, such as histone modifiers (e.g., Ash1/, Kdméb,
and Kmtbb) or ubiquitin-related genes (e.g., Cul3, Trip12, and Usp7), did not show
greater molecular or phenotypic similarity to one another than to mutants in other
functional groups. Furthermore, a large fraction (on average 50%) of DEGs was
restricted to a particular mutant. Many of these changes were consistent across
developmental stages, suggesting potential genotype-specific biomarkers and likely
reflecting direct effects of the causal mutations, whereas shared changes may
represent downstream effects. These findings suggest that multiple pathways result in
similar cellular states. For example, CamKlla was one of the most commonly regulated
DEG. HnrpU is known to bind to CamKlla mRNA and transport it at the synapse, thus
potentially directly regulating its levels??, whereas other ASD genes may regulate this



transcript indirectly. Whether commonly affected processes reflect compensatory
resilience pathways or core pathogenic mechanisms remains to be discovered.

To expand our analysis, we investigated the cerebellum, given its connection to the
motor and cognitive challenges observed in ASDs. At the analyzed time point, most
mutations did not alter cerebellar cell numbers or gene expression, although samples
were obtained from the same animals as cortical samples. Although this could be a
limitation of the chosen time point, human data support a weaker impact of ASD
mutations on the cerebellum than on the cortex?3. Where changes were noted, as in
Bckdk mutants, cerebellar transcriptional alterations largely matched those in the
cortex, suggesting shared affected pathways. These alterations in Bckdk mutants were
accompanied by motor deficits. Given the high prevalence of motor impairments in
ASD, it will be important to determine whether ASD-associated mutations can lead to
similar deficits at later stages and to dissect the contribution of other motor-related
structures, such as the striatum. Addressing this will require longitudinal, cell-type-
resolved analyses across brain regions, combined with circuit-level perturbation and
rescue experiments.

Our experimental design also enabled detection of sex differences. Although the ASD
forms studied arise from rare mutations identified in both sexes, some mutations
produced larger effect sizes in females. A recent large-scale sequencing study of adult
brain samples from patients with schizophrenia, bipolar disorder, and ASD reported
similar sex-biased effects?*. Whether the larger effect size in females is a result of
stronger responses or sex-specific resilience remains unclear. However, it is
interesting that several of the fsDEGs were shared across mutants and included many
transcripts related to synaptic functions and ion channels. Interestingly, some of the
shared fsDEGs are X-linked and have been shown to escape X-inactivation?>-28, thus
potentially capable of activating female-specific mechanisms. For example, Nkap was
upregulated in excitatory neurons in females at P4 in HnrpU and Trip12, two of the
mutants that showed the highest female effect sizes. Nkap can escape X-inactivation
and is a known activator of NF-kB and a repressor of Notch?®, critical for brain
development and functioning3°-34. Mutations in Nkap itself have been identified as a
cause of intellectual disability, affecting only males®S. Furthermore, ATAC-seq analysis
indicated that DARs were enriched for the TF Sp1. Sp1 is known to bind to estrogen
receptors®® and has recently been linked to sex-biased gene expression in primate
brains®’. Finally, our analysis suggests that female-male differences may be partially



transient rather than long-lasting along the disorder trajectory. This argues for studying
developmental trajectories separately in male and female patients, as critical windows

and, thus, optimal treatment timing may differ.

Limitations

While this study presents a step forward in understanding the biology, convergence,
and divergence of genetically distinct forms of ASD, it also has limitations. First,
droplet-based single-cell sequencing has a relatively low sensitivity, potentially missing
lowly expressed transcripts. Therefore, the true number of DEGs may be
underestimated. Although this likely does not impact the overall conclusions, some of
the biological effects or gene sets might be missing. Second, while we offer a view of
the temporal evolution of the mutants, gaps between time points remain. Mutants
showing modest effects here might show greater changes at other time points. Third,
uniform shifts in absolute cell numbers across all types would not be detected by
snRNA-seq, which only provides information on relative cell-type proportions. Fourth,
studies of this scale are inherently resource-intensive and require cost-balancing
measures, including relatively small sample sizes and shared controls. This design
may reduce statistical power to detect subtle effects and could contribute to modest
effect sizes in some comparisons. In addition, variability within a small control group
may increase the apparent similarity across mutants, potentially inflating signals of
convergence. Finally, our analysis is conducted in naive animals; state-dependent
accessibility effects or gene expression changes may be context-dependent. To
address this, future work should examine selected mutants during particular behavioral
tasks or stimuli, potentially revealing additional differences also later in life.
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Supplementary Figures
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Supplementary Fig. 1: Expression of the selected ASD-risk genes and
sequencing quality statistics.

a, Quantitative real-time PCR analysis of mRNA levels for ASD-risk genes in the
respective mutants and littermate controls. mRNA levels were normalized to
Gapdh and Pgk1 (ACq expression values; n= 8 (Kmtbb*:), n=7 (Ash1l*, Kmt5b**), n=
6 (Ash1l**, HnrnpU*-, Kdm6b**, Kdm6b*-, Trip12+**, Trip12*, Wac*’), n= 5 (Wac**), n=
4 (HnrmpU*), n= 3 (Usp7*), n= 2 (Usp7+); 2-way ANOVA and Sidak’s multiple
comparison test). b, Average expression levels of the selected high-risk ASD genes in
the murine cortex during perinatal development (E16, E18, P1, and P4) based on
single-cell RNA sequencing data® (AP, apical progenitor; IP, intermediate progenitor;
MN, migrating neuron; UL, upper layer excitatory neurons; Layer 4, layer IV excitatory
neurons; DL, deeper layer excitatory neurons; INH, Inhibitory neurons; A, astrocytes;
O, oligodendrocytes). Dot size indicates the percentage of cells expressing the gene
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(> 0 counts); dot color indicates average log-normalized expression. ¢, Average
expression of the selected high-risk ASD genes in the mouse cortex across embryonic
and perinatal stages (E14.5, P4, P14) based on the present single-nucleus RNA
sequencing data (GC, Glial cells; EXC, Excitatory neurons; INH, Inhibitory neurons; H,
Hippocampus; MN, migrating neurons). Dot size and color as in b. d, Quality metrics
for the number of genes sequenced in snRNA- and snATAC-seq and transcription
starting site (TSS) enrichment per time point. The dotted lines represent the median
values. Data are mean + SEM in a. Animals used for analyses: n (E14.5)= 7 (Cul3*,
Kdm6b*-, Trip12+), 6 (Ash1l*-, Bckdk”, HnrpU*-, Kmt5b*-, Setd5*, Usp7+-, Wac",
colony-matched controls), 3 (Ptchd1”); n (P4)= 6 (Ash1l*-, Bckdk”, Cul3*-, HnrnpU*
, Kdm6b*-, Setd5*, Trip12+-, Usp7+-, Wac*-, colony-matched controls), 4 (Kmt5b*), 3
(Ptchd1); n (P14)= 8 (Ash1l*-, Cul3*), 7 (colony-matched controls), 6 (Bckdk”,
HnrnpU*-, Kdm6b*-, Kmtbb*-, Setd5*-, Trip12+-, Usp7+-, Wac*-), 3 (Ptchd1v").
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Differential gene expression analysis of females & males against all controls
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Supplementary Fig. 2: Gene expression analysis of female and male ASD
mutants, bulk RNA-seq results confirm sex-specific gene expression changes.
a, Number of differentially expressed genes (p-adj. < 0.05) in cell types across female
and male ASD mutants in comparison to all (female and male) colony-matched controls
collectively. Statistical significance was assessed using two-sided Wald test in DESeq2
with Benjamini—Hochberg correction for multiple testing. Animals used for analyses: n
(females; E14.5)=4 (Cul3*-, Kdm6b*, Trip12+), 3 (Ash1l*, Bckdk”, HnrnpU*-, Kmt5b*"
, Setd5*, Usp7+-, Wac*, colony-matched controls); n (males; E14.5)= 3 per genotype;
n (females and males; P4)= 3 per genotype; n (females; P14) = 4 (Ash1l*-, Cul3*,
colony-matched controls), 3 (Bckdk”, HnrnpU*-, Kdm6b*-, Kmtdb*-, Trip12+*-, Usp7+,
Wac*), 2 (Setd5*); n (males; P14)= 4 (Ash1l*-, Cul3*-, Setd5*"); 3 (Bckdk”, HnrnpU*,
Kdm6b*-, Kmt5b*-, Ptchd1v, Trip12*-, Usp7+, Wac*-, colony-matched controls). b,
Independent bulk RNA-seq analysis of E16.5 HnrnpU brains reveals that females
exhibit a higher number of DEGs compared to males. c-¢”’, Heatmaps of the fold
changes of a representative subset of DEGs significant in females show that the
directionality of changes was similar in males. Animals used for bulk RNA-seq: n= 3
per genotype and sex.
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Supplementary Fig. 3: Sequencing quality metrics of perinatal cerebellar tissue.
a, Quality metrics of the sequenced samples. b, Average deviation from the median
expression of individual cell types of the ASD mutants at P4. Each tile in the heatmap
shows the average expression deviation of each replicate relative to the median
expression of all samples per cell type, expressed as a percentage. ¢, Relative
proportion of cell types across mutants and colony-matched controls. d, UMAP
visualization showing expression levels (top) of canonical molecular markers (bottom).
Box plots show the abundance of selected cell type markers. Center lines represent
medians, the box limits show the 25-75% interquartile range (IQR), whiskers extend to
the furthest data points within 1.5 x IQR from the box edges. Animals used for
analyses: n= 3 per genotype.
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Supplementary Legends

Supplementary Table 1: Overview of multiplexing oligos, cluster annotation
references used

T1, Table overview. T2, Sample-specific hashtag oligos (HTO) employing cholesterol-
modification (CMO) used before pooling individual biological samples. T3, Sequences
of i5 and i7 indices used to generate HTO libraries, unique sets of indices were used
per library. T4, Overview of sample list, number of samples sequenced per time point.
T5, Overview of sequences of all oligonucleotides used. T6, Reference datasets used
for label transfer to support cell type cluster annotation. T7, List of most frequently
identified DEGs across mutants and cell types at P4 across ASD mutants. T8-T11,
Overview of number of nuclei analyzed per cell type, mutant, and time point in cortex
and cerebellum.

Supplementary Table 2: Differentially expressed genes in RG1 cells at E14.5
T1, Table overview. T2-12, Differentially expressed genes identified through
pseudotime analysis in RG1 cells across ASD mutants at E14.5.

Supplementary Table 3: Differentially expressed genes in individual cell types
and ASD mutants across time

T1, Table Overview. T2-T12, Differentially expressed genes identified in individual cell
types and ASD mutants across time. T13, Differentially expressed genes identified in
all mutants collectively compared to colony-matched controls.

Supplementary Table 4: Differentially expressed genes in cell subclasses across
time

T1, Table Overview. T2-T12, Differentially expressed genes identified in cell
subclasses of individual ASD mutants across time. T13, Differentially expressed genes
identified in all mutants collectively compared to colony-matched controls.

Supplementary Table 5: Enriched gene sets in cell subclasses of ASD mutants
across time

T1, Table overview. T2-T12, Gene set enrichment analysis (GSEA) of individual ASD
mutants in cell subclasses across time.

Supplementary Table 6: Enriched gene sets of individual cell types and ASD
mutants across time

T1, Table overview. T2-T12, Gene set enrichment analysis (GSEA) of individual cell
types and ASD mutants across time.

Supplementary Table 7: Distinct gene sets enriched in cell subclasses of ASD
mutants across time

T1, Table overview. T2-T13, Gene set enrichment analysis (GSEA) of individual ASD
mutants in cell subclasses across time. Individual ASD mutants are compared to all
mutants collectively without including colony-matched controls.

Supplementary Table 8: SynGO annotation of synaptic-related genes in ASD
mutants at P4 and P14.

T1, Table overview. T2-T37, SynGO annotation of synaptic-related genes in ASD
mutants at P4 and P14.
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Supplementary Table 9: Differentially accessible regions in individual cell types
and ASD mutants across time

T1, Table Overview. T2-T12, Differentially accessible regions identified in individual
cell types and ASD mutants across time. T13, Differentially accessible regions
identified in all mutants collectively in comparison to colony-matched controls.

Supplementary Table 10: Differentially expressed genes between female and
male wild-type control samples

T1, Table overview. T2-T4, Differentially expressed genes identified between female
and male wild-type control samples.

Supplementary Table 11: Enriched gene sets in cell subclasses of female ASD
mutants across time

T1, Table overview. T2-T11, Gene set enrichment analysis (GSEA) of individual female
ASD mutants in cell subclasses across time.

Supplementary Table 12: Enriched gene sets in cell subclasses of male ASD
mutants across time

T1, Table overview. T2-T12, Gene set enrichment analysis (GSEA) of individual male
ASD mutants in cell subclasses across time.

Supplementary Table 13: Differentially expressed genes between female and
male ASD mutants

T1, Table overview. T2-T46, Differentially expressed genes between female and male
ASD mutants across cell subclasses. Individual sheets can be filtered for merged
DEGs, fo/mbDEGs, and fs/msDEGs.

Supplementary Video 1: Cleared embryo head combined with EdU-labeling
EdU-labeling at E14.5 was combined with CUBIC clearing and imaged on a Zeiss
Lightsheet microscope.

Supplementary Video 2: Example video of Bckdk** animal during gait recordings
Recording of a Bckdk** animal used for gait analysis, with stride renderings overlaid
on the video frame. Video recorded at 60 fps.

Supplementary Video 3: Example video of Bckdk” animal during gait recordings

Recording of a Bckdk” animal used for gait analysis, with stride renderings overlaid on
the video frame. Video recorded at 60 fps.
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