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Abstract

The number of disease risk genes and loci identified through human genetic studies far outstrips
our capacity to systematically study their functions. We applied a scalable genetic screening
approach, /in vivo Perturb-Seq, to functionally evaluate 35 autism spectrum disorder/
neurodevelopmental delay (ASD/ND) de novo loss-of-function risk genes. Using CRISPR-Cas9,
we introduced frameshift mutations in these risk genes in pools, within the developing mouse
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brain /n utero, followed by single-cell RNA sequencing of perturbed cells in the postnatal brain.
We identified cell type-specific and evolutionarily conserved gene modules from both neuronal
and glial cell classes. Recurrent gene modules and cell types are affected across this cohort of
perturbations, representing key cellular effects across sets of ASD/ND risk genes. /n vivo Perturb-
Seq allows us to investigate how diverse mutations affect cell types and states in the developing

One sentence summary

An /n utero Perturb-Seq genetic screen reveals recurrent and cell type-specific gene modules
affected across a panel of psychiatric disorder risk gene perturbations during brain development.

Human genetic studies have uncovered associations between genetic variants in tens of
thousands of loci and complex human diseases (1-3). In particular, analysis of trio-based
whole-exome sequencing (WES) has implicated a large number of de novo loss-of-function
variants contributing to risk of neurodevelopmental pathologies, including autism spectrum
disorders and neurodevelopmental delay (ASD/ND) (4, 5). Compared to common variants
identified by Genome-Wide Association Studies (GWAS), such de novorisk variants often
have large effect sizes, are highly penetrant, and occur within a gene’s coding region, thus
providing a crucial entry point for disease modeling and mechanistic studies.

However, a major challenge remains in identifying the point of action of each of these many
risk genes. For example, ASD/ND comprises a broad collection of neurodevelopmental
disorders with highly heterogeneous genetic contributions, including hundreds of highly
penetrant de novorisk variant genes (6). Moreover, there is substantial diversity in the
function of the gene products that these genes encode, precluding a clear a priori prediction
of the underlying brain cell types, developmental processes, and molecular pathways
affected during neurodevelopment (7). Few of these risk genes have been studied in animal
or cellular models, and thus their function during brain development remains poorly defined.
Due to the labor-intensive and time-consuming nature of generating and analyzing
individual knockout animal models for functional investigation, it is crucial to develop
phenotyping methods that are scalable, general-purpose, high-resolution, and high-content,
to identify tissue- and cell-type specific effects of genetic perturbations /n vivo.

To address these challenges, we developed /7 vivo Perturb-Seq, a scalable genetic screen, to
investigate the function of large sets of genes at single-cell resolution in complex tissue /n
vivo. We applied in vivo Perturb-Seq /n utero in mice to study the effect of a panel of
ASD/ND risk genes on brain development.

In vivo Perturb-Seq to assess the function of ASD/ND risk genes

We chose ASD/ND candidate genes from a recently published WES study of 11,986 cases
with 6,430 ASD/ND probands (8) (table S1). We initially prioritized 38 candidate genes (of
which 35 were retained in the final analysis, table S1) that harbor de novo variants specific
to ASD/ND patients within the broader class of neurodevelopmental disability (fig. S1A,
table S1). These ASD/ND risk genes are expressed in human brain tissue, as assessed by the
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BrainSpan bulk RNA-seq dataset (9); some are highly expressed at embryonic stages, and
others highly expressed from early postnatal to adult stages (fig. S1B). Based on mouse
cortical single-cell RNA sequencing (SCRNA-seq) data, the orthologs of these ASD/ND risk
genes are expressed in diverse cell types (fig. S2) (E18.5 data from the 10x Genomics public
dataset (10); P7 data from this work). Thus, these ASD/ND genes could, in principle, act in
many different cell types and temporal frames, requiring scalable methods to test gene
function across a range of cell types and developmental events.

For in vivo Perturb-Seq, we used Cas9-mediated genome editing (11-13) in a pooled
approach to introduce mutations in each of the ASD/ND risk genes within progenitor cells
of the mouse developing forebrain in utero, followed by scRNA-seq at P7 to read out both a
barcode identifying the perturbation and the expression profile of the perturbed cells (Fig.
1A). Specifically, we used a transgenic mouse line that constitutively expresses Cas9 (14),
and delivered pools of gRNAs targeting the different risk genes by lentiviral infection into
the lateral ventricles of the developing embryo /n utero. Each lentiviral vector contained two
different gRNAs targeting the 5’-end coding exons of one ASD/ND gene (to enhance
knockout efficiency), and a blue fluorescent protein (BFP) reporter with a unique barcode
corresponding to the perturbation identity (11-13). To minimize vector recombination, we
packaged each lentivirus separately and then pooled viruses at equal titers.

We injected a pool of lentiviruses with equal gRNA representation into the ventricles of the
developing forebrain at E12.5 (Fig. 1A). In this approach, lentiviral injection leads to
infection of neural progenitors lining the lateral ventricle of the developing forebrain,
including progenitors of the neocortex and the ganglionic eminences. Since lentiviral vectors
integrate into the genome, the progeny of the infected progenitors are labeled by BFP and
carry a perturbation barcode corresponding to the target ASD/ND gene.

Both immunohistochemical analysis and sScRNA-seq of BFP* cells at P7 showed that the
Perturb-Seq vectors were expressed across a variety of neuronal and glial cell types in the
cortex (Figs. 1B—C and S3A-B). While microglia originate mostly from outside the targeted
germinal zones, we detected lentiviral vector expression in cortical microglia, indicated by
the presence of BFP as well as perturbation barcode expression, across multiple individual
experiments (fig. S4E-F). While it is unclear how microglia are labeled in our experimental
procedure, it is possible that the /n utero injection could have led to either local lesions that
recruited and expanded the number of microglia along the injection tract, or that microglia
were labeled within the parenchyma along the same tract. Overall, our approach allowed us
to examine the effects of each perturbation across a wide range of cell types from distinct
brain regions (/.e., cortical projection neurons, interneurons, astroglia, oligodendroglia, etc.),
and, importantly, under sparse labeling conditions where less than 0.1% of cells in the cortex
were perturbed, and thus development of individual perturbed cells is highly unlikely to be
affected by perturbed neighbors (fig. S3A-C).
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In vivo Perturb-Seq targets diverse cell types without affecting overall cell
type composition

We performed the experiment with 18 different cohorts of pregnant mice, for a total of 163
embryos, each subjected to the entire pool of perturbations. We micro-dissected and
dissociated cortical tissues separately at P7, FACS-enriched the perturbed cells by selecting
for BFP expression, and used droplet-based SCRNA-seq to obtain each cell’s expression
profile along with its perturbation barcode. The cell survival rate after FACS was 78%, and
we confirmed a 40-70% frameshift insertion/deletion for each gRNA target among the
infected cells (fig. S3D-E).

This multiplexed experimental design allowed us to test the cell-autonomous effect of all
perturbations against the effect of a negative control construct targeting the endogenous GFP
in the Rosa26 locus, thus controlling for effects related to viral infection, among other
confounders. To minimize batch-dependent variation, the control construct was included in
the same pool as the perturbation vectors (fig. S3F). After quality control, we retained for
further analysis a total of 46,770 neocortical cells across 17 high-quality experimental
batches. We partitioned the cells into major cell classes using Louvain clustering (15) and
annotated them by known marker gene expression (16, 17) (Fig. 1D).

We focused on five broad cell populations from this cortical dataset for downstream
analysis: cortical projection neurons (8,450 cells), cortical inhibitory neurons (5,532 cells),
astrocytes (9,526 cells), oligodendrocytes (4,279 cells), and microglia/macrophages (8,070
cells) (thus excluding vascular, endothelial, and contaminant hippocampal and striatal cells).
We further filtered out some remaining low-quality cells in these five major cell classes,
retaining 35,857 high-quality cells (median of 2,436 detected genes per cell overall, and
median of 4,084 genes in the projection neuron cluster, as expected from their large size and
known high RNA content (fig. S3G)). We subclustered each of the five major cell types
separately and annotated biologically meaningful subclusters (Figs. 1E and S6).

From inspecting the perturbation barcodes from the lentiviral constructs, 92% (33,231 cells)
of the cells in these five major cell classes had at least one perturbation read assigned to
them, and 50% had barcodes for a single gene (fig. S4A-C, 18,044 cells), reflecting the low
multiplicity of infection (fig. S4D). As it is rare for multiple ASD/ND loss-of-function risk
gene mutations to co-occur in patients, we focused on the 18,044 cells that carried a single
perturbation. We found a median of 338 cells per perturbation: after excluding perturbations
with <70 perturbed cells, we retained 35 ASD/ND risk gene perturbations. BFP from the
lentiviral vector was robustly detected as one of the most highly expressed genes in all
retained cells (fig. S4E). The BFP detection rate in each cell type correlated with the average
number of genes detected (fig. S4F), further supporting the reliability of the readout.

ASD/ND risk gene perturbations had a very modest effect on the presence and proportions
of these five major cell types relative to the negative control (targeting the GFP gene). Only
loss of Dyrklahad a significant effect on cell type composition, increasing the proportion of
oligodendrocytes and reducing the proportion of microglia/macrophages [FDR-corrected
F<0.05 using Poisson regression (18)] (Figs. 1D and S5).
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Co-varying gene modules associate with cell states

To assess whether ASD/ND genetic perturbations caused molecular changes and alterations
in cell states, we first sought to define gene modules that co-vary within each of the five
broad cell classes. As previous work has shown (11-13, 19), focusing on gene modules
instead of individual genes provides more statistical power to detect biologically-meaningful
perturbation effects using fewer cells than would be required for single gene-level analysis,
and can capture diversity both within and across cell types.

We first tested if the expression of known Gene Ontology (GO) gene sets (20) was affected,
by calculating a gene-set expression score for each cell and fitting a linear regression model
to this score. After correcting for multiple hypothesis testing, no GO terms were
significantly altered by any perturbation (Table S8). However, this approach is limited by the
large number of tests performed (one test per GO term per cell type per perturbation, for a
total of 510,265 tests), as well as the limited number of GO terms relevant to the developing
cortex.

We therefore sought to identify gene modules de novo in our data using two approaches:
Weighted Gene Correlation Network Analysis (WGCNA), which identifies “modules” of
genes with correlated expression, and structural topic modeling (STM), which attempts to
reduce the dimensionality of the gene expression matrix and returns “topics” corresponding
to the components of this representation (Figs. 2A and S6-8, Tables S2-3) (21, 22). We
performed these analyses for each of the five major cell clusters separately, to better identify
effects associated with specific cell types; our nomenclature for the modules incorporates the
cell cluster analysis it is derived from (e.g., PN1 represents a module identified by analysis
of projection neurons). Each of these analyses used the full set of perturbations, in order to
identify effects shared across multiple perturbations. We focused our subsequent analysis on
the 14 modules identified by WGCNA, because they were highly correlated with one or
more topics returned by STM (fig. S7).

The 14 WGCNA modules comprised two broad categories. Some reflect common biological
processes and were present across multiple cell subsets (e.g., cell cycle, differentiation,
maturation). For example, module PN2 is associated with genes involved in neurite
development and varied across cells in multiple projection neuron subclusters (fig. S6A).
Others represent cell type-specific features unique to only some subsets (e.g., subcluster-
specific features of a neuronal sub-type). For example, module PN1 is a module associated
with two defined subclusters of projection neurons of Layer 4 and Layer 5 (fig. S6A).

ASD/ND gene perturbations affect cell states in multiple cell classes

As the WGCNA analysis is expected to recover gene modules associated with many kinds of
variation across the data, we next tested the association of each risk gene perturbation with
the 14 individual WGCNA gene modules. We estimated the effect size of each perturbation
on each gene module by fitting a joint linear regression model, estimating how module gene
expression in cells from each perturbation group deviated from the GFP control cells (Fig.
2A-B). To ensure that no single perturbation or batch dominated the linear model, we down-
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sampled the cells in each cell category such that no perturbation had more than two times the
median number of cells over all perturbations. This linear regression analysis was performed
on mean-centered and standard deviation-scaled module scores, so effect sizes can be
interpreted in terms of standard deviations from the population mean (Fig. 2B). Our
modeling approach assumes that module expression in individual cells is independent after
conditioning on the experimental batch, and that noise is normally distributed. To evaluate
the effects of these assumptions, we also compared alternative approaches, including a linear
mixed model-based approach and a permutation-based approach (fig. S9, table S9).

Perturbations in 9 ASD/ND genes (Adnp, Ank2, Ashll, Chd8, Gatad2b, Pogz, ScnZal,
Stard9, and Upf3b) had significant effects across 5 modules (Fig. 2B, highlighted circles,
compared to the GFP control, FDR corrected A<0.05, Table S4): a module associated with
projection neurons of Layer 4 and 5 (PN1, affected by perturbations in Adnp, Ashlil,
ScnZal, and Stard9); modules representing two distinct homeostatic signatures in astrocytes
(Astrol affected by perturbation of Scn2al, and Astro3 affected by perturbations of C/d8,
Pogz, and Upf3b); a module associated with oligodendrocyte progenitor cells (ODC1, Cha8
and Gatad2b); and a module associated with Nanf+interneurons (IN1, Ank2) (Fig. 2C, fig.
S6).

Notably, the oligodendrocyte progenitor module (ODC1) also had a significant amount of its
variation across the oligodendrocyte cell cluster explained by the perturbation state overall
(van der Waerden test, a non-parametric alternative to ANOVA analysis, FDR corrected
£<0.05) (fig. S5C), suggesting that this module represents convergent effects across different
perturbed genes. Collectively, the data indicate that a selected group of perturbations was
able to affect recurrent gene modules with cell-type specificity, and point to some convergent
effects across diverse ASD/ND risk genes.

Single perturbation of Ank2 confirms Perturb-Seq effect on an interneuron

gene expression module

In our multiplex /in vivo Perturb-Seq results, Ank2 perturbation led to increased expression
of an interneuron module (IN1) (FDR corrected P<0.05, fig. S10). This module was strongly
correlated with a subcluster of inhibitory interneurons expressing Nanf (fig. S10C, D), and
contains genes such as Kcng5 (a voltage-gated potassium channel) and Gabbr2 (GABA
receptor subunit) (fig. S6B and table S2). To validate our finding from the pooled Perturb-
Seq experiment, we performed a single perturbation targeting either Ank2or GFP (control),
followed by scRNA-seq of neocortical cells at P7, resulting in 2,943 and 1,716 high-quality
cells, respectively.

The individual perturbation experiment confirmed the results from the pooled Perturb-Seq
screen. AnkZ2-perturbed cells were present across all cell types and overall proportions of
cells were not significantly changed (fig. S10B). Within the Manf* interneurons, Ank2
perturbation led to upregulation of the IN1 module (FDR corrected P<0.05, fig. S10E),
confirming the Perturb-Seq result. This finding indicates that multiplexing perturbations in
the pooled approach does not significantly distort the results observed for an individually
perturbed gene.
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Ank2encodes an ankyrin protein and is expressed broadly in excitatory and inhibitory
neurons as well as glial cells in the brain (23). Studies examining Ank2 loss-of-function
suggest that it is involved in axonal morphology, connectivity, and calcium signaling in
excitatory neurons (24-27). Our Perturb-Seq data suggests a role of Ank2in the Nanf+
interneuron subtype during cortical development, in addition to its known roles in excitatory
neurons.

The ASD/ND risk genes Chd8 and Gatad?2b alter gene modules in
oligodendrocyte progenitors

In our Perturb-Seq experiment, Cha8and Gatad2b perturbations significantly decreased the
expression of the ODC1 module in the oligodendrocyte cluster (Fig. 3A-D, FDR corrected
F<0.05; see alternative measurement of effect size fig. S11A, estimated by log transcripts
per million (TPM) gene expression differences). The ODC1 module is highly expressed in
cycling cells and oligodendrocyte precursor cells (OPC), and lowly expressed in committed
oligodendrocyte progenitor cells (COP) and newly formed oligodendrocytes (NFOL),
suggesting that this module is linked to oligodendrocyte maturation (Fig. 3A), and therefore
that perturbation in Chd8and Gatad2b might accelerate oligodendrocyte maturation. This is
consistent with recent reports that Chd8 loss-of-function potentiates an impaired OPC
development phenotype caused by deletion of Chd7(28).

We further investigated and validated this result by examining oligodendrocyte development
in a Cha8 germline heterozygous mutant model (as homozygous mutation is embryonic
lethal (29)), using several orthogonal methods. First, we used /n situ hybridization for two
canonical OPC markers known to be involved in fate specification, Cspg4 (a member of the
ODC1 module) and Pdgfra. Both were downregulated in P7 Cha8*/~ cortex (Figs. 3E and
S11B-D), consistent with our /n vivo Perturb-Seq results. Second, we used
immunohistochemistry to examine a later developmental time point, P11. OPC cell number
(e.g., PDGFRA* cells) did not show significant differences between the WT and Chd8*/~
littermates, also consistent with 7n vivo Perturb-Seq; however, cells positive for the MBP
protein, a marker of myelinating oligodendrocytes, were increased in number and displayed
elevated MBP levels in the Chd8*/~ mutant (FDR corrected £<0.05, nonparametric ANOVA
test) (Fig. 3F). In combination with the Perturb-Seq result showing reduction in the signature
of oligodendrocyte progenitors and of the progenitor-expressed ODC1 module in Chd&
perturbed cells, this suggests that C/d8 perturbation may result in acceleration of the
progressive increase in MBP levels that occurs postnatally. These data further demonstrate
that /n vivo Perturb-Seq has the power to identify cell type-specific molecular changes
similar to those observed in a single-gene, germline-modified mouse model.

Perturb-Seq gene modules are conserved between human and mouse

To establish whether the perturbed gene modules identified in the mouse cerebral cortex are
conserved in human cells, we examined the expression of each module across multiple
SCRNA-seq datasets from human tissues: adult human cortex (30), ASD donor cortex with
matched controls (31), fetal human cortex (32), and 3 month and 6 month-old human brain
organoids (33) (Fig. 4A-B). In the fetal brain and the 3-month brain organoid samples, glial
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cell types were sparsely represented due to the early developmental stages of the samples
(fig. S12A). We identified human genes that had 1:1 orthologs to the mouse genes in each
module, and asked whether the modules were conserved, using two metrics: whether the
orthologous genes were also expressed in the corresponding cell type in the human datasets,
and whether the expression of the genes in each module co-varied across single cells (as
estimated by correlation), reflecting the degree of “modularity” of these mouse gene
programs in humans.

The expression of each module was largely conserved in all human datasets, with different
modules showing distinct levels of conservation of expression in each dataset (Fig. 4A).
Some modules like PN1, PN2, and PN5 displayed high levels of conservation of expression
(with at least 75% of the genes in these modules being expressed by at least 5% of cells in
the corresponding associated cell type) across all datasets. The proportions of the genes
expressed in the corresponding cell types in human tissues were generally lower than in
mouse tissues (fig. S12B).

We further calculated whether the co-variation of expression of the genes in each module
(their “modularity™) was also comparable in humans. To do so, for each module and each
dataset we calculated the average pairwise expression correlation coefficient between the
genes in a given module, and compared it to a module-specific null-distribution based on
random gene sets with similar expression levels, to calculate both a P-value for the
correlation of our modules, and a normalized correlation coefficient. 8 out of 14 modules
showed greater intra-module correlation than a comparable random gene set in the adult
human brain dataset from Hodge et a/ (30) (Fig. 4B). Correlation also increased with the age
of the human samples across brain regions of the BrainSpan dataset (9) (Figs. 4C-E and
S13). As a control, we used the same approach to calculate the expression and modularity of
each gene module in non-associated cell types. We found that the modularity was decreased
in non-associated cell types (fig. S12D-E), reflected by both the proportion of comparisons
with significant correlation and by the strength of the significant correlations, suggesting
that our modules reflect cell type-specific effects.

Altogether, our results suggest that expression and modularity of most gene modules in the
mouse are conserved in human brain tissue, pointing at potential shared functions, and
suggesting that processes identified as affected in our Perturb-Seq experiments are relevant
to biological processes that may be developmentally regulated in the human brain.

Mouse Perturb-Seq results are correlated with expression changes in ASD

patient brain tissues

Finally, we explored whether the effects observed in mouse Perturb-Seq may be similar to
changes observed in postmortem brains of ASD patients. To this end, we compared our data
to a single-nucleus RNA-seq (ShnRNA-seq) dataset of postmortem ASD brain samples (31),
and bulk RNA-seq of postmortem psychiatric disorder brain samples from the PsychEncode
project (34).
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Using a dataset of sSnRNA-seq profiles from 15 ASD donors and 16 controls (31), we
defined differentially expressed (DE) genes in each cell type using a statistically
conservative pseudobulk-based analysis with DESeq?2 (35, 36), correcting for age, sex, and
patient-to-patient variability. We identified genes that were differentially expressed between
patients and controls in at least one of three major cell types (inhibitory neurons, excitatory
neurons, or oligodendrocytes) with FDR < 0.2, and selected those that have 1:1 orthologs in
mice, resulting in 14 genes (Fig. 4F, Table S10).

We then compared these 14 genes to our Perturb-Seq data and asked if these ASD-patient
DE genes were also affected by the 35 ASD risk gene perturbations in our dataset. We
aggregated the effects of all 35 perturbations, and asked whether the aggregated gene
expression changes agreed more strongly with the gene expression changes in the ASD
patient data than would be expected by chance. For each ASD patient DE gene, we took its
mouse orthologue and calculated the median fold change of expression (logFC) over all
perturbations in the Perturb-Seq data. We then compared this logFC with the corresponding
logFC in the ASD patient data, and generated an agreement score for each gene, defined as a
high median logFC and a similar direction of change as in the human data. We then binned
genes by their expression, and compared each ASD patient DE gene to others in the same
bin to extract p-values (with FDR correction). From this analysis, we identified two genes,
SSTin interneurons and VRN in excitatory neurons, both of which showed decreased
expression in ASD patients and were likewise significantly decreased in expression across
our panel of perturbations (FDR < 0.1), albeit with different effect sizes (Fig. 4F, Table S10).
This indicates that despite the different developmental stages, high clinical heterogeneity in
ASD, and patient genetic diversity, similar genes and cell types can be identified as affected
in both our analyses and in studies of human patient tissue.

We also analyzed the 14 gene modules reported in the PsychEncode study of 700 bulk RNA-
seq samples of human cortex from a panel of psychiatric disorders (34). 6 of the 14 modules
previously reported to be altered in the ASD patients in the PsychEncode analysis were also
significantly affected across 8 of our ASD/ND risk gene perturbations (fig. S14). Although
these analyses are limited by the relatively few available datasets of ASD patient brain
samples, they suggest that our Perturb-Seq experiments can identify gene program
abnormalities seen in human ASD patients.

Discussion

In vivo Perturb-Seq can serve as a scalable tool for systems genetic studies of large gene
panels to reveal their cell-intrinsic functions at single-cell resolution in complex tissues. In
this work, we demonstrated the application of /n vivo Perturb-Seq to ASD/ND risk genes in
the developing brain; this method can be applied across diverse diseases and tissues.

ASD/ND affects brain function profoundly, but its cellular and molecular substrates are not
yet defined. The large number of highly penetrant de novo risk genes implicated through
human genetic studies offers an entry point to identify the cell types, developmental events,
and mechanisms underlying ASD/ND. However, this requires scalable methods to define the
function of risk-associated genes with cell-type specificity. Using Perturb-Seq to
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functionally test large gene sets in the developing embryo, we observed gene expression
changes linked to ASD/ND genes in different cell types and processes. Within the power of
the analysis that can be achieved with the number of cells that can be reasonably sequenced,
we find that some recurrent modules are affected across more than one ASD/ND risk gene
perturbation. It is likely that this represents an underestimation of the number of convergent
modules across perturbations which might be revealed by larger-scale experiments using
greater numbers of cells.

We were particularly interested in validating the observed effects of Ank2 perturbation,
because of its known roles in the brain. Ank2encodes an ankyrin protein and is expressed
broadly in excitatory and inhibitory neurons as well as glial cells in the brain (23). Ankyrin
homologs interact with ion channels in many neuronal types, and Ankyrin-G has been
shown to stabilize GABAergic synapses (37). The roles of Ank2in the brain have largely
been studied in the context of excitatory neurons. AnkZ2 loss-of-function results in
hypoplasia of the corpus callosum and pyramidal tract, and ultimately optic nerve
degeneration (24), suggesting that it is required in the maintenance of premyelinated axons
in excitatory neurons in early neurodevelopment. Ank2 mutants showed misregulation of
intracellular calcium homeostasis and calcium channel expression in excitatory neurons (25,
26), as well as increased axonal branching and ectopic connectivity (27). Our Perturb-Seq
data suggests an additional role of Ank2in the Nadnf+ interneuron subtype, along with its
known roles in excitatory neurons.

In addition to neurons, oligodendrocytes and astrocytes were also affected by several
perturbations. Oligodendrocytes modulate and consolidate neural circuit refinement, and
abnormal maturation of oligodendrocytes may be linked to long-lasting changes in neural
wiring and brain function (38). One of the risk genes, Cha8, encodes a protein that binds
directly to B-catenin to recruit histone proteins and negatively regulates the Wnt signaling
pathway, which plays a crucial role in neuronal progenitor proliferation and differentiation in
the forebrain (39-42). Our results showed that Cha8 modulates gene modules for
oligodendrocyte differentiation and maturation, consistent with previously reported ChlP-
Seq results showing that CHD8 interacts directly with OPC maturation genes at perinatal
stages of development (28, 43).

Although we focused on the perinatal neocortex in this study, /7 vivo Perturb-Seq can be
applied to study gene functions systematically across other tissues and developmental ages,
to reveal tissue-specific as well as broadly-distributed gene functions. This approach can
uncover both the impact of individual disease-associated genes and of combinations of genes
and the overall set of processes that they affect. Our findings underscore the importance of
using single-cell profiles as a rich, comprehensive, and interpretable phenotypic readout.
With advances in other single-cell profiling approaches (e.g., single-cell ATAC-seq (44),
single-cell multi-omics (45), and spatial genomics (46, 47)), we expect /n vivo Perturb-Seq
to be coupled in the near future with diverse readouts to better define the function of disease-
risk associated variants, from molecular mechanisms to non-cell autonomous effects in
tissues. Spatial transcriptomics in particular should be well suited for combination with /n
vivo Perturb-Seq, and should help uncover non-cell autonomous effects. /n vivo Perturb-Seq
can enable discoveries of pathways and cell types affected in heterogenous genetic
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pathologies, directing downstream studies and informing the development of refined models
for genetic disorders and mechanistic studies as we move from genetic variants to function.

Methods Summary

In vivo Perturb-Seq experiment

The backbone plasmid contains antiparallel cassettes of two gRNAs (Table S5) under mouse
U6 and human U6 promoters, and the EF1a promoter to express puromycin, BFP, and a
polyadenylated barcode unique to each perturbation. Cloning and lentiviral packaging of the
38 vectors were done individually.

All animal experiments were performed according to protocols approved by the Institutional
Animal Care and Use Committees (IACUC) of Harvard University and of the Broad Institute
of MIT and Harvard. /n utero lentiviral injection into the lateral ventricles was performed at
E12.5 in Cas9 transgenic mice (14) (4-6 month old, Jax #026179), and each single-cell
library was made by combining the BFP* cells from 1-3 litters (4—20 animals) of P7 animals
harvested on the same day. Tissue dissociation was performed with the Papain Dissociation
kit (Worthington, #L.K003152). The FACS-purified cells were sorted into cold Hibernate
A/B27 medium and subjected to single-cell RNA sequencing library preparation. Our
analysis comprises 17 independent libraries of Perturb-Seq cells.

Single-cell RNA sequencing libraries were created using the Chromium Single Cell 3’
Solution v2 kit (10x Genomics) following the manufacturer’s protocol. Each library was
sequenced with Illumina NextSeq high-output 75-cycle kit with sequencing saturation above
70%. Dial-out PCR was performed to extract the perturbation barcode in each cell.

We identified perturbation barcodes by two complementary methods. We first used the dial-
out sequences to create a cell-by-perturbation UMI count matrix by a modification of from
the original Perturb-Seq work (12). In addition, we extracted barcode sequences from the
10x Genomics Cell Ranger bam file. Reads were then assigned to the perturbation they
mapped best. Cell barcodes and UMIs were extracted, and a cell-by-perturbation UMI count
matrix was created. We then only kept cells for which either i) the assigned 10x and dialout
perturbations agree or ii) the cell was assigned to a perturbation by one method but not
assigned to any perturbation in the other.

Perturb-Seq analysis

UMI count data was loaded into R and processed using the Seurat v 2.2 package (48).
Clusters were assigned to cell types based on marker genes from the literature,
mousebrain.org (16), and DropViz.com (23). We focused only on cells of 5 key types
(projection neurons, inhibitory neurons, oligodendrocytes, microglia/macrophages, and
astroglia) and removed the rest.

WGCNA and Structural topic modelling (STM) were performed for each cell cluster based
on the published pipelines (21, 22). Linear regression was used to test the relationship
between perturbations and WGCNA gene scores, correcting for batch and number of genes.
To test for correlations between perturbations and topics, the theta matrix (the matrix
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containing proportions of topics per cell) was extracted from the STM matrix. For each
topic, linear regression was used to test how the per-cell proportions for each topic related to
perturbations (after setting GFP to be the reference perturbation), correcting for nGene and
batch.

RNA in situ hybridization and immunohistochemistry

Multiplexed RNAscope fluorescent in situ hybridization and immunohistochemistry was
performed on fixed-frozen tissue. Probes against the following mRNAs were used: Pdgfra,
Cspg4, and Fezf2 (ACDBI0). The antibodies and dilutions were: Mouse anti-NeuN antibody
(mab377, 1:500; Millipore), Mouse anti-GS antibody (mab302, 1:500; Millipore), Goat anti-
Pdgfra antibody (AF1062, 1:200; R&D System), Rabbit Ibal antibody (019-19741, 1:400;
Wako), Chicken anti-GFP antibody (ab16901, 1:500; Millipore), Mouse anti-Satb2
(ab51502, 1:50; Abcam), Rat anti-Ctip2 (ab18465, 1:100, Abcam), Rabbit anti-Sox6
(ab30455, 1:500; Abcam), Rat anti-Mbp (mab386, 1:100; Millipore). We double-blinded the
staining, imaging, and quantifications.

Analysis of human single nucleus or single cell RNA-seq data

For each single cell/nucleus human dataset, the UMI count matrix and metadata were
downloaded and processed with Seurat to create Seurat objects. Cell types were extracted
from the metadata, and combined into more general cell types, namely: Microglia, Astroglia
(including Radial Glia), Inhibitory neurons, Excitatory neurons, Oligodendrocytes, and
other. For differential expression analysis for data from Velmeshev et al (31), we removed
data from all individuals of <12 years of age and separated PFC and ACC regions. For each
cell type in each region a pseudobulk profile was constructed and genes expressed in <5% of
cells or with <10 reads were removed. DESeq?2 v 1.20.0 (35) was then used to perform
differential expression analysis between the ASD patients and the controls, correcting for
sex and age. We then extracted all genes with 1:1 mouse orthologs (BioMart) and calculated
FDR corrected P-values on these genes for both ACC and PFC. Only analysis on the PFC
yielded significant hits, which are presented in Fig 4F.

To compare these results to the Perturb-Seq data, for each human DE gene, an agreement
score was calculated by taking the absolute value of its mouse orthologues’ median logFC
over all perturbations (calculated with Limma), and giving it a positive sign if its direction
agreed with that of the human data, a negative sign otherwise. Finally, genes were binned by
expression, and p-values were calculated for each gene by comparing the agreement scores
to other genes in the same bin.

Detailed procedures for the experiments and data analyses are described in the
supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vivo Perturb-Seq to investigate functions of a panel of ASD/ND risk genes harboring
de novo variants.

(A) Schematics of the /in vivo Perturb-Seq platform, which introduces mutations in
individual genes /n uteroat E12.5, followed by transcriptomic profiling of the cellular
progeny of these perturbed cells at P7 via single-cell RNA sequencing (SCRNA-seq). (B)
tSNE of five major cell populations identified in the Perturb-Seq cells. (C) /n vivo Perturb-
Seq lentiviral vector carrying an mCherry reporter drives detectable expression within 24h,
and can sparsely infect brain cells across many brain regions. Scale bar is 1000um. (D) Cell-
type analysis of in vivo Perturb-Seq of ASD/ND de novorisk genes. Canonical marker
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genes were used to identify major cell clusters (left), and cell-type distribution in each
perturbation group (right). Negative control (GFP) is highlighted by a black rectangle. (E)
tSNEs showing the subclusters of each of the five major cell types, identified by re-
clustering each cell type separately.
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Figure 2. In vivo Perturb-Seq reveals cell-type specific effects of ASD/ND risk gene
perturbations.
(A) Schematic illustration of the Perturb-Seq analysis pipeline. (B) ASD/ND risk gene

perturbation effects in different WGCNA gene modules compared to GFP controls. Dot
color corresponds to effect size, dot size corresponds to negative base 10 log(P-value).
Module gene lists are presented in Table S2. P-valueswere calculated from linear modeling,
Padjfwas calculated by Benjamini & Hochberg FDR correction. (C) The four cell types and
five gene modules that were altered by ASD risk gene perturbations. Top row: subcluster
tSNE of each cell class (repeated from Fig. 1E for ease of comparison). Bottom row: feature
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plots of gene module expression scores and the top correlated genes within each module
across the relevant cell class.
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Figure 3. Perturbation effect in oligodendrocytes and validation in the Chds*"~ mouse model.
(A) tSNE of oligodendrocyte subtypes from the Perturb-Seq data. (B) The ODC1 gene

module expression score in each cell (left) and in each subcluster (right). (C) Average
expression of genes in the ODC1 gene module (by row) in each perturbation group (by
column), scaled by row. (D) Effect size of each perturbation on the ODC1 gene module
compared to the control group. Note that the perturbation effects of the different genes
present a continuous gradient. Error bars represent 95% confidence intervals. (E) /n situ
hybridization for Cspg4, a gene in module ODC1 that is a known marker of oligodendrocyte
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precursor cells (OPC), in the somatosensory cortex of P7 Chd8"/~ and wild-type littermates.
The bottom images of represent the higher magnifications of top images, and the right
images represent higher magnifications for each cell. Right: quantification of Cspg4
expression in P7 cortex of Cha8*/~ and wild-type littermates. Each dot represents the gene
expression value from one cell; error bars represent standard error of the mean (n=3 animals
per genotype). Scale bar is 1000um (left bottom panel), 100um (left top panel), and 10um
(right panel), respectively. (F) Immunohistochemistry for PDGFRA and MBP (markers for
immature OPC and mature oligodendrocytes, respectively), PDGFRA™* cell counts, and
distribution of MBP expression, in the somatosensory cortex of P11 Chd8*/~ animals and
wild-type littermates. Scale bar is 1000um (left panel) and 250um (right panel), respectively.
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(Hodge et al 2019) (29) (Velmeshev et al 2019) (30) (Nowakowski et al 2017) (31) (Hodge et al 2019) (29) (Velmeshev et al 2019) (30) (Nowakowski et al 2017) (31)

& ﬁs(mé i
\Stro: ' g
g £ Astro3 - Astro1 .
@ S Nt . Astro3{
it o IN2 . IN1 . Astrol o=
2 O Mgli -« IN2 . Astro2 -
= S Mg2 * MgZ - Astro3 re-
Q © 0DC1 . oDCt . IN1 -
[ 2 “pNi . PN1{ IN2 -
5 g o N o
. . o
S o PN4{ = PN4{ * PN4 -
PN5 * PN5{ ¢ PN5 .
PN6 . PN6{ PN6 -
0 25 50 75 100 0 10 20 30 0 10 20 30 o 10 20 30
Percent genes expressed in >5% of cells Normalized intra-module gene correlation coefficients
Human cerebral organoids (Velasco et al 2019) (32) Human cerebral organoids (Velasco et al 2019) (32)
mon month 6 month 3month
173
£ ﬁs}ro; .
Il @ Astro: .
IN | ol &) Astro3 . T
N M Astroglia S INt . IN1 - Statistical significance
PN1 -_ M Inhibitory neurons s N2 . IN2{ = e FDR>0.05
PN2 | s M Microglia o MM * PN1 o % FDR<O'05
PN3 | 11 Oligodendrocyte (ODC) c PN2 . PN2 . i
PN4 | I EE © PN4 . PN4 .
PN5 | B xcitatory neurons & PN5 . PN5- .
PN6 | I PN6{ * PN6 .
0 25 50 75 100 0 25 50 75 100 0 10 20 30 0 10 20 30
Percent genes expressed in >5% of cells Normalized intra-module gene correlation coefficients
C D foin E Correlation with aging and
Gene program PN3 Gene Program Expression in S1C Gene Program Expression
1 o PN4 :
i Brain regions PN1 H
° 1.50 ? g i % 1. °AIC  eMD IN1 3
2. 14l AT
s i 0 i won eMee E IN2 | 1%
3 i (] i *CBC  *OFC Astro3 3 £
D 1257 ooo2 ; .l gt cceE eoo  © Tpu F &
S N . | . SDFC  *PCx ©O) 3] . 5
2 ; 1 ollge *0TH es1c O Mgl ‘ o
2 H S S S~ V) | ] o
© 1.00 =] s *IPC «STR d [o%
S =} °ITC «Tcx @ Astrol 3 | | ®
& g g W & Ao | 2
0.75 1 smicsicevic ¢ ODCA 3 o]
s l PN2 H =
PN6
PN5 i
£ 1213 16 21 24 370308 1 2 3 8 1113 18 19 21 26 50 36 37 40

Weeks post conception

-1.0 -0.5 0.0 05 10

Ei:'ejs?“ :wi‘ Spearman Correlation
F jent cort =
ASD patient cortical Cell type-specific Test the DE genes
single-cell analysis — DE list inthe Perturb-Sed dai
(Velmeshev et al) (30) gene lists in the Perturb-Seq data
Human ASD DE gene expression (Velmeshev et al) (30) Velmeshev et al (30) DE gene expression changes
in ASD risk gene Perturb-Seq across perturbation groups
@ ©0000000000000000000000000000000000 | SST . ‘—-EE&‘*-—'—' SST
@ | ©0000@O00 0000000000000 000000 000000 | AP1S2 QTR oy IR AP1S2
s © ! 0®000000000@00006000@000000000000000 CNRT s L2 et . CNR1 %
u>> OEO.OOOOOOOOOoooooooooooooooooooooooo RELN & : \RELN %
2 @ ! 900°00000000000@000000000000000@0 00  CRIMT - CRIM1 3
3 @ 00000000000000000000000000000000000 [ LRRC3B ' LRRC3B g
% ® . 0000006000000000000000000000000Q00 o | SAT2 : SAT2 <
> @ ' ©00000060000000000000000000000000000 | CHCHD2 . CHCHD2 2
= : 3
i @ 00000000000000000000000000000000000 + SPCST SPCS1 g
2 J 0! 008000000000000000000000000000@0000 | NRNT NRN1  Z
S | ®:00000000000000000000000000000000000 | RAB33A . RAB33A
g Q! 00000000000000000000000Q00000 000000 t PWPT PWP1 g
[ ] . 0oG0000C000CO0000CO000000OCDe 000000 t HDHD3 . HDHD3
I @ 00000000000000000000000000000000000 | STK324 i . STK32A
o e T e e T R N . 0. ; Y
RS g R 1o s 09 08 10
8! S @ logFC(ASD-control) Slgnmfll():a{_\lly a_lte‘r:ednacl;ogs 35
5 Perturbations ogrc ~ -log(Pvalue)  m Inhibitory neurons perturbations in Ferturb-Seq
5 BE—m 3 6 9 12 m Excitatory neurons ® Result from Velshemev etal BMFDR<O0.1
o 400010 O OOO = Oligodendrocyte (ODC) @ Result from Perturb-Seq WFDR>0.1

Figure 4. Cell-type specific gene modules from Perturb-Seq are conserved in developing human
brains.
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(A) Percent of genes with a human orthologue expressed in >5% of cells of the associated
cell type in sScRNA-seq datasets from the human brain or human brain organoids. (B)
Normalized average pairwise correlation of gene expression within each gene module in the
human brain or human brain organoids. Correlation values were normalized to the mean
correlation from the background distribution, and divided by the standard deviation of the
background distribution. Correlations are shown for modules with at least 4 genes after
filtering out genes expressed in less than 5% of cells. Bars represent 95% confidence
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intervals. Red color represents statistical significance (FDR<0.05). (C) Expression of
module PN3 over developmental time in human brain tissues across regions (BrainSpan
data) (9). (D) Expression of each module over developmental time in human primary
somatosensory cortex S1C (BrainSpan) (9). (E) Distribution of the Spearman correlation of
module expression with age in human brain data over various brain regions (BrainSpan) (9).
(F) Differential gene expression analysis of human prefrontal cortical samples from ASD
donors and controls. Left: Expression of differentially expressed (DE) genes across cell
types (color bars) from Velmeshev ef a/ (31) (rows) in the Perturb-Seq data across a panel of
ASD/ND risk genes (columns). Right: DE gene expression changes in Perturb-Seq data
(black dots; each dot represents an ASD/ND risk gene perturbation) compared to DE values
for the 14 genes found to be DE in ASD patients in the Velmeshev et a/ dataset (31)
(FDR<0.2) (red dots). The two highlighted genes, SSTand NRNZ, showed decreased
expression in the Perturb-Seq data (FDR<0.1), consistent with the ASD patient dataset.
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