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Ciliary biology intersects autism and congenital heart disease

Nia Teerikorpi

Abstract

Recent studies have identified over one hundred high-confidence autism spectrum disorder (ASD)
genes and several hundred congenital heart disorder (CHD) genes. While CHD has been shown
to commonly co-occur with autism spectrum disorder (ASD), the shared molecular mechanisms
underlying this comorbidity remain unknown. Recent studies have shown that ASD gene
perturbations commonly dysregulate neural progenitor cell (NPC) proliferation and neurogenesis.
Our lab first sought to understand the extent to which the broader set of ASD genes are involved
in this process and to identify the biological pathways underlying this convergence. Next, we
investigated ASD and CHD shared risk by identifying CHD genes that present with a

neurogenesis phenotype.

In this dissertation we utilized CROP-Seq to repress a large subset of the known ASD genes in a
human in vitro model of cortical neurogenesis. We reinforced neurogenesis and microtubule
biology as points of convergence in ASD gene perturbations (Chapter 1). We then investigated
shared risk between ASD and CHD by performing a neurogenesis screen involving ASD and CHD
genes and determined that a subset of ASD and CHD genes play key roles in neuronal progenitor
cell proliferation and are enriched for ciliary biology (Chapter 2). Overall, this work contributes to

the growing literature on the developmental pathways disrupted in ASD and CHD.
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Introduction

Psychiatric Cell Map Initiative (PCMI)

My thesis began as a branch of the psychiatric cell map initiative (PCMI). A project, whose goal
was to uncover molecular and functional interaction data of neuropsychiatric disease (NPD) risk
genes to generate pathway-level insights.! Our lab was particularly interested in autism spectrum
disorder (ASD) because recent human genetic studies, focused on rare high effect-size genetic
variants, had identified over 100 high-confidence ASD (hcASD) risk genes®*. With these risk
genes in mind, we pursued a “bottom-up” approach to translate these genetic findings into
pathway-level insights of pathobiology through network analysis. Our lab mapped two types of
interaction networks: protein-protein interactions (PPI) and genetic interactions (Gl). The PPI
networks would identify protein complexes and their relationships to one another, while the Gl
networks would identify functional relationships between genes. My dissertation will first focus on
the Gl network project (Chapter 1), to which | provided significant technical and intellectual
support. We will then shift focus to my main project, which ultimately concentrated on elaborating
the convergent biological pathways underlying ASD and congenital heart disease (CHD)

comorbidity (Chapter 2).

Autism gene perturbations converge on microtubule biology

In chapter 1 we performed CRISPR-droplet sequencing (CROP-seq) to repress hcASD genes in
an in vitro model of human forebrain cortical neurogenesis. This method enables pooled CRISPR
screening with single-cell transcriptome level resolution by directly linking guide expression to
transcriptome responses with a detectable sgRNA vector.* In brief, we repressed 87 hcASD risk
genes using CRISPRI during early stages of NPC differentiation toward cortical excitatory neurons
and collected three time-points during the most transcriptionally dynamic period of neurogenesis.

We then evaluated the effect of the gene perturbations on proliferation, differentiation trajectory,


https://paperpile.com/c/QT9AKN/Vu8Lm
https://paperpile.com/c/QT9AKN/8PhOb+N3feL
https://paperpile.com/c/QT9AKN/0f9KL

cell-state occupancy, and transcriptional profiles. We uncovered transcriptional changes
downstream of ASD gene perturbations that altered the developmental trajectories of NPCs. We
confirmed that ASD gene perturbations largely converge on disrupted neurogenesis.> ' We also
implicated tubulin biology and RNA-binding as potential molecular processes underlying the
neurogenesis phenotypes. In support of these findings, additional research from our lab has also

found tubulin biology as a process relevant to ASD pathobiology.''6

Comorbidity of autism and congenital heart disease

In Chapter 2, my research focuses on the comorbidity between ASD and CHD. Autism spectrum
disorder (ASD) is a complex early-onset neuropsychiatric disorder (NPD), with high comorbidity
with other developmental disorders, such as congenital heart disease (CHD).""® According to a
meta-analysis of various studies, the presence of CHD increases risk for ASD diagnosis
approximately 2-fold."® Importantly, because children with CHD come to clinical attention by the
newborn period, we are met with an exciting opportunity to identify individuals at high risk for
developing ASD far before the typical age of diagnosis. Thus, providing a valuable opportunity for
observational studies of probands before a clinical presentation of ASD and enabling early
behavioral intervention.?>-?> And while a diagnosis of CHD carries strong risk for the development
of ASD 2, it is still difficult to predict which patients will develop comorbid ASD. The key to solving
this problem is through better understanding of the shared genetic and molecular mechanisms

that underlie these two disorders.

My research sought to improve the prediction of which patients will be comorbid for ASD and
CHD, as well as generate insights into how these shared comorbidities arose. Recently, our
group, led by Trey Ideker at UCSD, leveraged brain specific protein-protein interaction data along
with whole exome sequencing data from ASD and CHD to predict a large set of genes with shared

risk for ASD and CHD.?* Although these two disorders are physiologically distinct, this overlap is


https://paperpile.com/c/QT9AKN/L59Ar+SjBcc+aeHVt+Rdc6Q+7XUaI+6xeWK+LFbki+Rc9Is+yrzcU
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indicative of a shared foundational molecular network. This research, among others, has identified
enrichment in chromatin regulation, NOTCH signaling, MAPK signaling, and ion channel transport
for genes with shared risk for ASD and CHD.?*?” However, the exact phenotypes and underlying

pathways remain unclear.

Because autism functional genomics has repeatedly shown that ASD gene perturbations
commonly dysregulate neural progenitor cell (NPC) proliferation.>"* We hypothesized that CHD
gene perturbations presenting with a neurogenesis phenotype would carry shared risk. Therefore,
we pursued functional CRISPRi screens of both ASD and CHD genes during human

neurogenesis to better understand their role in development and shared risk for pathology.

Autism and congenital heart disease gene perturbations intersect at ciliary biology

| performed a pooled CRISPRI proliferation and survival assay of 101 ASD genes, 248 CHD
genes, and 106 ‘ASD-CHD’ predicted shared risk genes in NPCs. CRISPR screens are a powerful
tool for unbiased exploration of gene function. In pooled CRISPRI screening various genes are
targeted for repression by transducing cells with a lentivirus containing a library of sgRNA.
Transduction efficiency is kept low (<30%) to ensure one sgRNA is delivered per cell, then
positively transduced cells are selected based on antibiotic resistance. The transduced cells
proliferate under the challenge of gene repression and the impact on cellular proliferation and/or
survival is assessed by sequence-based counting of the sgRNAs, comparing the changes in
representation of gene-targeting sgRNAs versus non-targeting sgRNAs over time. Because ASD
risk gene variants commonly perturb NPC proliferation,>'® we sought to identify CHD gene
perturbations that share phenotypes involved in this process to identify biological convergence.
This screen allowed us to identify both ASD and CHD gene perturbations that impact NPC

proliferation and/or survival.
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Our screen identified 145 ASD and CHD genes (FDR < 0.1) that affected survival/ proliferation of
NPCs, suggesting these genes share similar biology and that these CHD genes may carry risk
for NPDs. Further, a subset of these genes with highly correlated phenotypes were enriched for
ciliary biology. From the genes enriched for ciliary biology we selected the ‘ASD-CHD’ predicted
shared risk genes (CEP290, CHD4, KMT2E, NSD1, OFD1, RFX3, TAOKT) for validation
experiments, believing that these genes would be most relevant to both heart and brain
development. We found that these ‘ASD-CHD’ genes are required for primary cilia biology in both
RPE1 and neural progenitor cell lines, by showing that perturbation of these genes affects both
percent ciliated cells and cilia length. Finally, we selected TAOK1 for in vivo validation
experiments in xenopus Tropicalis, a robust model for both heart and brain development.?®-3°
While TAOK1 is a known high-confidence ASD gene??, its association with CHD has only been
predicted by network propagation.?* We first looked at motile cilia on epidermal multi-ciliated cells
(MCCs), which have repeatedly been implicated in CHD pathobiology.®'*? We showed that
TAOKT1 localizes to ciliary structures and that perturbation of TAOK1 resulted in a loss of cilia on
MCCs. Next, we observed that TAOK1 disruption leads to brain and heart developmental
phenotypes in Xenopus. Together, our in vivo work established that TAOK1 is required for motile
cilia, heart development, and brain development in Xenopus, supporting our hypothesis that

TAOK1 imparts risk for both CHD and ASD.

In sum, this dissertation demonstrates that perturbation of high-confidence ASD genes results in
disruptions to neural progenitor proliferation, cellular differentiation, and microtubule-based
processes (Chapter 1). The importance of microtubule-based processes in ASD pathobiology is
further highlighted by my research on the molecular pathways underlying autism and congenital
heart disease comorbidity (Chapter 2). Here, we presented both in vitro and in vivo evidence
implicating cilia, a microtubule-based organelle, at the intersection of ASD and CHD

pathobiology.


https://paperpile.com/c/QT9AKN/ZJo31+2YEUp+ZALFQ
https://paperpile.com/c/QT9AKN/8PhOb+N3feL
https://paperpile.com/c/QT9AKN/MLGzj
https://paperpile.com/c/QT9AKN/fP0Vy+Y9dzp

References

10.

Willsey, A. J. et al. The Psychiatric Cell Map Initiative: A Convergent Systems Biological
Approach to llluminating Key Molecular Pathways in Neuropsychiatric Disorders. Cell 174,
505-520 (2018).

Satterstrom, F. K. et al. Large-Scale Exome Sequencing Study Implicates Both
Developmental and Functional Changes in the Neurobiology of Autism. Cell 180, 568—
584.e23 (2020).

Fu, J. M. et al. Rare coding variation provides insight into the genetic architecture and
phenotypic context of autism. Nat. Genet. 54, 1320-1331 (2022).

Datlinger, P. et al. Pooled CRISPR screening with single-cell transcriptome readout. Nat.
Methods 14, 297-301 (2017).

Sun, N. et al. Autism genes converge on microtubule biology and RNA-binding proteins
during excitatory neurogenesis. bioRxiv (2024) doi:10.1101/2023.12.22.573108.

Willsey, H. R., Willsey, A. J., Wang, B. & State, M. W. Genomics, convergent neuroscience
and progress in understanding autism spectrum disorder. Nat. Rev. Neurosci. 23, 323-341
(2022).

Willsey, H. R. et al. Parallel in vivo analysis of large-effect autism genes implicates cortical
neurogenesis and estrogen in risk and resilience. Neuron 109, 1409 (2021).

Sacco, R., Cacci, E. & Novarino, G. Neural stem cells in neuropsychiatric disorders. Curr.
Opin. Neurobiol. 48, 131-138 (2018).

Packer, A. Neocortical neurogenesis and the etiology of autism spectrum disorder. Neurosci.
Biobehav. Rev. 64, 185-195 (2016).

lakoucheva, L. M., Muotri, A. R. & Sebat, J. Getting to the Cores of Autism. Cell 178, 1287-

1298 (2019).


http://paperpile.com/b/QT9AKN/Vu8Lm
http://paperpile.com/b/QT9AKN/Vu8Lm
http://paperpile.com/b/QT9AKN/Vu8Lm
http://paperpile.com/b/QT9AKN/8PhOb
http://paperpile.com/b/QT9AKN/8PhOb
http://paperpile.com/b/QT9AKN/8PhOb
http://paperpile.com/b/QT9AKN/N3feL
http://paperpile.com/b/QT9AKN/N3feL
http://paperpile.com/b/QT9AKN/0f9KL
http://paperpile.com/b/QT9AKN/0f9KL
http://paperpile.com/b/QT9AKN/L59Ar
http://paperpile.com/b/QT9AKN/L59Ar
http://dx.doi.org/10.1101/2023.12.22.573108
http://paperpile.com/b/QT9AKN/L59Ar
http://paperpile.com/b/QT9AKN/SjBcc
http://paperpile.com/b/QT9AKN/SjBcc
http://paperpile.com/b/QT9AKN/SjBcc
http://paperpile.com/b/QT9AKN/aeHVt
http://paperpile.com/b/QT9AKN/aeHVt
http://paperpile.com/b/QT9AKN/Rdc6Q
http://paperpile.com/b/QT9AKN/Rdc6Q
http://paperpile.com/b/QT9AKN/7XUaI
http://paperpile.com/b/QT9AKN/7XUaI
http://paperpile.com/b/QT9AKN/6xeWK
http://paperpile.com/b/QT9AKN/6xeWK

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Courchesne, E. et al. The ASD Living Biology: from cell proliferation to clinical phenotype.
Mol. Psychiatry 24, 88—107 (2019).

Marchetto, M. C. et al. Altered proliferation and networks in neural cells derived from
idiopathic autistic individuals. Mol. Psychiatry 22, 820-835 (2017).

Lalli, M. A., Avey, D., Dougherty, J. D., Milbrandt, J. & Mitra, R. D. High-throughput single-
cell functional elucidation of neurodevelopmental disease-associated genes reveals
convergent mechanisms altering neuronal differentiation. Genome Res. 30, 1317-1331
(2020).

Willsey, H. R. et al. The neurodevelopmental disorder risk gene is required for ciliogenesis
and control of brain size in embryos. Development 147, (2020).

Wang, B. et al. A foundational atlas of autism protein interactions reveals molecular
convergence. bioRxiv (2024) doi:10.1101/2023.12.03.569805.

Lasser, M. et al. Pleiotropy of autism-associated chromatin regulators. Development 150,
(2023).

Bean Jaworski, J. L. et al. Rates of autism and potential risk factors in children with congenital
heart defects. Congenit. Heart Dis. 12, 421-429 (2017).

Marino, B. S. et al. American Heart Association Congenital Heart Defects Committee, Council
on Cardiovascular Disease in the Young, Council on Cardiovascular Nursing, and Stroke
Council. Neurodevelopmental outcomes in children with congenital heart disease: evaluation
and management: a scientific statement from the American Heart Association. Circulation
126, 1143-1172 (2012).

Gu, S. et al. The Association Between Congenital Heart Disease and Autism Spectrum
Disorder: A Systematic Review and Meta-Analysis. Pediatr. Cardiol. 44, 1092—1107 (2023).
Wallace, K. S. & Rogers, S. J. Intervening in infancy: implications for autism spectrum

disorders. J. Child Psychol. Psychiatry 51, 1300-1320 (2010).


http://paperpile.com/b/QT9AKN/LFbki
http://paperpile.com/b/QT9AKN/LFbki
http://paperpile.com/b/QT9AKN/Rc9Is
http://paperpile.com/b/QT9AKN/Rc9Is
http://paperpile.com/b/QT9AKN/yrzcU
http://paperpile.com/b/QT9AKN/yrzcU
http://paperpile.com/b/QT9AKN/yrzcU
http://paperpile.com/b/QT9AKN/yrzcU
http://paperpile.com/b/QT9AKN/ulD5v
http://paperpile.com/b/QT9AKN/ulD5v
http://paperpile.com/b/QT9AKN/xzl9H
http://paperpile.com/b/QT9AKN/xzl9H
http://dx.doi.org/10.1101/2023.12.03.569805
http://paperpile.com/b/QT9AKN/xzl9H
http://paperpile.com/b/QT9AKN/CIilJ
http://paperpile.com/b/QT9AKN/CIilJ
http://paperpile.com/b/QT9AKN/ZU4wj
http://paperpile.com/b/QT9AKN/ZU4wj
http://paperpile.com/b/QT9AKN/VJTdT
http://paperpile.com/b/QT9AKN/VJTdT
http://paperpile.com/b/QT9AKN/VJTdT
http://paperpile.com/b/QT9AKN/VJTdT
http://paperpile.com/b/QT9AKN/VJTdT
http://paperpile.com/b/QT9AKN/OzAiC
http://paperpile.com/b/QT9AKN/OzAiC
http://paperpile.com/b/QT9AKN/5LdRy
http://paperpile.com/b/QT9AKN/5LdRy

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zwaigenbaum, L. et al. Early Intervention for Children With Autism Spectrum Disorder Under
3 Years of Age: Recommendations for Practice and Research. Pediatrics 136 Suppl 1, S60—
81 (2015).

Sacrey, L.-A. R., Bennett, J. A. & Zwaigenbaum, L. Early Infant Development and
Intervention for Autism Spectrum Disorder. J. Child Neurol. 30, 1921-1929 (2015).

Jin, S. C. et al. Contribution of rare inherited and de novo variants in 2,871 congenital heart
disease probands. Nat. Genet. 49, 1593—-1601 (2017).

Rosenthal, S. B. et al. A convergent molecular network underlying autism and congenital
heart disease. Cell Syst 12, 1094—1107.e6 (2021).

Zaidi, D., Chinnappa, K. & Francis, F. Primary Cilia Influence Progenitor Function during
Cortical Development. Cells 11, (2022).

Zaidi, S. et al. De novo mutations in histone-modifying genes in congenital heart disease.
Nature 498, 220-223 (2013).

Fakhro, K. A. et al. Rare copy nhumber variations in congenital heart disease patients identify
unique genes in left-right patterning. Proc. Natl. Acad. Sci. U. S. A. 108, 2915-2920 (2011).
Exner, C. R. T. & Willsey, H. R. Xenopus leads the way: Frogs as a pioneering model to
understand the human brain. Genesis 59, €23405 (2021).

Hoppler, S. & Conlon, F. L. : Experimental Access to Cardiovascular Development,
Regeneration Discovery, and Cardiovascular Heart-Defect Modeling. Cold Spring Harb.
Perspect. Biol. 12, (2020).

Warkman, A. S. & Krieg, P. A. Xenopus as a model system for vertebrate heart development.
Semin. Cell Dev. Biol. 18, 46-53 (2007).

Klena, N. T., Gibbs, B. C. & Lo, C. W. Cilia and Ciliopathies in Congenital Heart Disease.
Cold Spring Harb. Perspect. Biol. 9, (2017).

Gabriel, G. C., Young, C. B. & Lo, C. W. Role of cilia in the pathogenesis of congenital heart

disease. Semin. Cell Dev. Biol. 110, 2—-10 (2021).


http://paperpile.com/b/QT9AKN/ZerUP
http://paperpile.com/b/QT9AKN/ZerUP
http://paperpile.com/b/QT9AKN/ZerUP
http://paperpile.com/b/QT9AKN/BUbPp
http://paperpile.com/b/QT9AKN/BUbPp
http://paperpile.com/b/QT9AKN/3IOpm
http://paperpile.com/b/QT9AKN/3IOpm
http://paperpile.com/b/QT9AKN/MLGzj
http://paperpile.com/b/QT9AKN/MLGzj
http://paperpile.com/b/QT9AKN/M52SQ
http://paperpile.com/b/QT9AKN/M52SQ
http://paperpile.com/b/QT9AKN/oAx34
http://paperpile.com/b/QT9AKN/oAx34
http://paperpile.com/b/QT9AKN/enByK
http://paperpile.com/b/QT9AKN/enByK
http://paperpile.com/b/QT9AKN/ZJo31
http://paperpile.com/b/QT9AKN/ZJo31
http://paperpile.com/b/QT9AKN/2YEUp
http://paperpile.com/b/QT9AKN/2YEUp
http://paperpile.com/b/QT9AKN/2YEUp
http://paperpile.com/b/QT9AKN/ZALFQ
http://paperpile.com/b/QT9AKN/ZALFQ
http://paperpile.com/b/QT9AKN/fP0Vy
http://paperpile.com/b/QT9AKN/fP0Vy
http://paperpile.com/b/QT9AKN/Y9dzp
http://paperpile.com/b/QT9AKN/Y9dzp

CHAPTER1

Summary

Recent studies have identified over one hundred high-confidence (hc) autism spectrum disorder
(ASD) genes. Systems biological and functional analyses on smaller subsets of these genes have
consistently implicated excitatory neurogenesis. However, the extent to which the broader set of
hcASD genes are involved in this process has not been explored systematically nor have the
biological pathways underlying this convergence been identified. Here, we leveraged CROP-Seq
to repress 87 hcASD genes in a human in vitro model of cortical neurogenesis. We identified 17
hcASD genes whose repression significantly alters developmental trajectory and results in a
common cellular state characterized by disruptions in proliferation, differentiation, cell cycle,
microtubule biology, and RNA-binding proteins (RBPs). We also characterized over 3,000
differentially expressed genes, 286 of which had expression profiles correlated with changes in
developmental trajectory. Overall, we uncovered transcriptional disruptions downstream of
hcASD gene perturbations, correlated these disruptions with distinct differentiation phenotypes,
and reinforced neurogenesis, microtubule biology, and RBPs as convergent points of disruption

in ASD.



Introduction

Autism spectrum disorder (ASD) is an early-onset neurodevelopmental disorder defined by core
deficits in social communication and repetitive, stereotyped behaviors'?. While ASD is a
genetically and phenotypically heterogeneous disorder, contemporary human genetic studies,
focused on rare coding variation, have reliably identified more than a hundred high-confidence
ASD (hcASD) genes imparting large effect sizes on risk when disrupted®*®7=°. Many of the
mutations in these genes are protein-truncating variants (PTVs) and intolerance metrics suggest
that hcASD genes tend to be haploinsufficient, suggesting that the primary mechanism of patient-
derived variants is loss of function in nature'. Thus, methods that block transcription of target
genes, such as CRISPR interference (CRISPRI)", are well-suited to model patient-derived
variants in hcASD genes. However, the relevant functional consequences of mutations in these

genes remain poorly understood.

Evaluating multiple hcASD genes in parallel is critical for identifying convergent phenotypes,
which are more likely to reflect core processes disrupted in ASD3'°. Accordingly, there is a
growing body of in silico, in vitro, and in vivo analyses aimed at identifying points of convergence
among ASD-associated genes. Transcriptomic analyses of neurotypical brain tissue spanning
multiple developmental stages and anatomical regions have repeatedly demonstrated
convergence of ASD genes in developing excitatory neurons of the mid-gestational prefrontal

8,12-16

cortex Higher-resolution analyses, leveraging transcriptional profiles from laser

microdissected tissue or single cells have further implicated mid-gestational excitatory

neurons'?"

~20_ Comparative studies using post-mortem brain tissues from ASD individuals and
controls also robustly support dysregulation of cortical excitatory neurons in ASD?"?22%, Thus,
these descriptive analyses provide strong evidence that neurogenesis of excitatory neurons in

the prefrontal cortex is a point of convergent biology underlying ASD. Nonetheless, functional
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analyses are needed to confirm these observations and to understand the underlying
mechanisms. Excitingly, recent advances in high-throughput CRISPR-based functional tools have
enabled highly parallelized functional evaluation of a large number of hcASD risk genes in both

in vivo and in vitro model systems.

To date, there have been three major studies conducted in vivo, with all three identifying
neurogenesis as a point of convergence. Jin et al. repressed 35 hcASD genes (selected from
Satterstrom et al. largely based on expression in human and mouse brain tissue) in mouse
embryos using in vivo Perturb-Seq, revealing abnormalities in neurogenesis and gliogenesis?*.
Willsey et al. leveraged CRISPR to perturb 10 hcASD genes (from Sanders et al.*) in Xenopus
tropicalis and identified convergent phenotypes impacting excitatory neurogenesis in the dorsal
telencephalon®. Mendes et al. targeted 10 hcASD genes (selected from Sanders et al. based on
co-expression in the human brain'? as well as SFARI Gene?® score) in zebrafish, also highlighting

convergence in telencephalic neurogenesis, among other phenotypes®.

In addition, several groups have investigated ASD risk genes in parallel using in vitro CRISPR-

27,28

based screens in human neural cell lines or organoids®=°. These studies generally focused

on smaller sets of manually curated risk genes with varying levels of genetic association, and

several filtered for ASD risk genes with a predicted role in transcriptional regulation®”°,

Additionally, all of these studies evaluated only a single time point and half of them did not

generate single cell RNA sequencing data downstream of each genetic perturbation®®%,

Nonetheless, these studies consistently observed that subsets of ASD risk genes disrupt

27-29 29,30

excitatory and/or inhibitory neurogenesis, in part by delaying or accelerating
differentiation®”?3, They also highlighted several molecular processes as possible points of
convergence, though specific processes were not consistently identified across more than one

study and the pre-selection of genes reduces the generalizability of these findings. In addition to
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neural cells, a recent study screened perturbations of 127 manually curated ASD risk genes for
disruption of ATP-mediated calcium activity in iPSC-derived astrocytes®'. Although this study
observed functional convergence in that a subset of genes resulted in dysfunctional calcium
activity, specific points of molecular convergence were not characterized and the broader

relevance of these findings to ASD is unclear.

Overall, despite the highly varied clinical presentation of ASD, the diverse model systems utilized,
and the targeting of disparate ASD genes with varying levels of association, these in silico, in vivo
and in vitro studies demonstrate a remarkable degree of convergence around (excitatory)
neurogenesis. However, the generalizability of these findings to the larger set of hcASD genes,
identified with hypothesis-naive exome- and genome-wide approaches, is unclear. Additionally,
specific biological pathways underlying these disruptions and relevant to a large number of hcASD

genes have not yet been identified.

To begin to address these shortfalls, we leveraged pooled CRISPR interference (CRISPRI)
coupled with single cell RNA sequencing (CROP-Seq) in combination with cellular assays to
systematically characterize the functional and transcriptional consequences of loss-of-function of
87 hcASD risk genes (chosen from Satterstrom et al. solely based on statistical association and
without a priori assumptions about their biological function) in an in vitro model of human cortical
neurogenesis (Figure 1). Specifically, we generated 2D neural cultures from human induced
pluripotent stem cells (iPSCs) and then repressed each of the 87 hcASD risk genes independently
via CRISPRI during the early stages of NPC differentiation toward cortical excitatory neurons. We
collected three time-points during the most transcriptionally dynamic period of neurogenesis and
evaluated the effect of hcASD gene perturbation on differentiation trajectory, cell-state occupancy,
proliferation, and transcriptional profile. Overall, we extend previous observations that disrupted

excitatory neurogenesis is a key point of functional convergence resulting from ASD-related
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perturbations®2%32-34 and further implicate tubulin biology®**** and RNA-binding®?4°>? as

potentially critical molecular processes underlying these phenotypes.
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Results

Generation of a rapid iPSC-derived 2D neural culture to model human cortical excitatory
neurogenesis in vitro

Based on the multiple lines of evidence summarized in the introduction, we chose to interrogate
the impact of hcASD gene perturbation on excitatory neurogenesis. To model human forebrain
cortical neurogenesis in vitro, we adapted a small molecule protocol to generate dorsal forebrain-
fate neural progenitor cells (NPCs) and cortical deep layer-like excitatory neurons from iPSCs®3.
First, we generated NPCs from iPSCs through dual-SMAD and Whnt inhibition using the small
molecules LDN193189, SB431542 and XAV939 (L+SB+X), and maintained NPCs in a
proliferative state by supplementing with FGF2 and EGF (Figure 2A). We characterized the
dorsal forebrain fate of NPCs by examining expression levels of dorsal neural progenitor markers
PAX6, SOX2, NES, and forebrain marker FOXG1 with immunocytochemistry (Figure 2B). We
also confirmed the proliferative capacity of NPCs by quantifying the percentage of Ki67/SOX2

double-positive cells via flow cytometry (Figure S1A).

To generate deep layer-like glutamatergic neurons®'?, we cultured NPCs in media containing
small molecules PD0325901, SU5402, and DAPT (P+SU+D) to inhibit ERK, FGF and Notch
signaling pathways, respectively. We next profiled the transcriptome of cells at day 0, day 7, day
14, and day 22 of differentiation (Figure S1B, S1C). We observed that the majority of the 102
hcASD genes identified by Satterstrom et al. were within the top 50% of transcribed genes across
all four time points (Figure S1C, 1D). We also observed that the glutamatergic neuron markers
VGLUT1/SLC17A7, TBR1, and CTIP2/BCL11B largely plateaued after 7 days of differentiation
(Figure S1B), and therefore, we implemented a 7-day protocol to generate immature deep layer-

like glutamatergic neurons.
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Days 2 to 4 of differentiation show the highest dynamic range of differentiation markers

To determine critical time points of cell state transitions within the 7-day differentiation protocol,
we measured transcript levels of NPC markers (PAX6 and FOXG1) and differentiation markers
(EOMES/TBR2, TBR1, VGLUTT) daily by gPCR (Figure 2C). We observed that day 2 was the
inflection point for changes in expression level of VGLUT1, EOMES, and TBR1 and that by day
4 expression of these genes had plateaued. Moreover, by day 2 of differentiation, we observed a
dramatic decrease of occupancy in the G2/M and S phases of the cell cycle, further suggesting
that differentiation and some degree of entry into a post-mitotic state may be occurring (Figure
S1E). Finally, by day 4 of differentiation, we observed, via immunocytochemistry, strong
expression of Class Ill B tubulin (TUBB3) and positive staining for the deep layer neuron marker
TBR1 (Figure 2D). Taken together, these data suggest that cells are likely undergoing key cell
state transitions at day 2 and 4. Thus, we chose these timepoints (as well as day 0 of

differentiation) for functional transcriptomic profiling of hcASD gene perturbations.

Multiplexed knockdowns of high-confidence ASD genes impacts the trajectory of cortical
neurogenesis

Using our 2D neuronal differentiation model, we performed a pooled CRISPR interference
(CRISPRI) screen of hcASD genes on days 0, 2, and 4 of differentiation of NPCs into cortical
excitatory-like neurons, coupled with single cell RNA sequencing (CROP-Seq) **%°. We aimed to
repress all 102 hcASD genes identified by Satterstrom et al.; however, we eventually excluded
15 hcASD genes from our screen based on low expression in our model system and/or due to
low sgRNA knockdown efficiencies after multiple rounds of optimization (see Methods). Thus, the
final single guide RNA (sgRNA) library contained sgRNAs targeting 87 of the 102 hcASD genes,

with one validated sgRNA per gene) as well as 4 non-targeting control sgRNAs.
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The 2D model system recapitulates aspects of human cortical excitatory neurogenesis

We recovered a total of 86,551 cells from all three time points across all sgRNAs with an average
of 28,850 cells per time point and 951 cells per knockdown. First, we examined target gene
repression efficiency in sgRNA+ cells. 73 of the 87 targeted hcASD risk genes had significant on-
target repression and/or resulted in one or more differentially expressed genes, whereas the other
14 targeted genes were either not significantly differentially expressed or below the threshold for
detection of expression and did not result in any differentially expressed genes (Figure S2A,

S5A).

Next, we visualized the clustering of cells in UMAP space and identified 9 clusters using the
Leiden algorithm®®. We then performed an RNA-velocity analysis, using scVelo** (Figure 3A,
S2B). We also examined the expression pattern of marker genes for cycling (proliferating) and
differentiating NPCs (Figure 3B-C). Expression of the DNA topoisomerase, TOP2A, which is a
marker of cycling cells, is consistent with the patterns of RNA-velocity in Leiden clusters 1 and 4
(Figure 3B, S2B). Similarly, expression of Doublecortin (DCX), which is a microtubule-associated
protein with low expression in NPCs and increased expression in developing neurons, is
consistent with the patterns of RNA-velocity in Leiden clusters 5-8 (Figure 3C). We next
performed a velocity pseudotime analysis using CellRank®” to associate each cell in the
population to a unitless time step between 0 and 1, and observed a strong correlation between
pseudotime and expression of TOP2A and DCX (Figure 3D, S2C). Finally, using the marker
genes, differential expression of the 9 Leiden clusters, gene set enrichment analysis, and the
pseudotime trajectory, we aggregated the cells into 4 macro-clusters encapsulating the major

cellular states observed (“cycling”, “intermediate”, “differentiating”; Figure 3E).

Finally, we compared the patterns of gene expression observed in our single cell RNA sequencing

(scRNA-Seq) data to two sets of scRNA-Seq data generated from human prenatal cortical
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samples from neurotypical individuals. Comparison with the first dataset, which spans post-
conceptional weeks (PCWSs) 16 to 24°® and captures much of the neurogenesis, demonstrated
that our two “cycling” clusters map most closely with “cycling progenitors”, our intermediate cluster
maps most closely with “radial glia”, and our differentiating cluster maps most closely with several
types of “glutamatergic neurons” (Figure S2G). These different cell types map consistently onto
our pseudotime trajectory as well. Comparison with the second dataset, which spans PCWs 5.85
to 37%, yielded similar results, though the gradient of maturation was less clear when mapping to
these data (Figure S2H), perhaps because this dataset includes broader stages of
neurodevelopment. Importantly, both of these datasets contain cell types from non-excitatory
lineages (e.g. interneurons) yet we consistently observe enrichment for excitatory lineage cells
only. Taken together, these results suggest that our in vitro iPSC-derived 2D model recapitulates

some aspects of excitatory neurogenesis in the human cortex.

Pseudotime analysis reveals 17 hcASD genes that impact differentiation trajectory

We next measured the distribution of pseudotime values for cells with the same hcASD gene
targeting sgRNA and compared them to the pseudotime distribution of control cells with non-
targeting sgRNAs to determine if specific hcASD gene knockdowns affect the differentiation
timeline of cells (Figure 3F). We identified 17 hcASD knockdowns with significant deviation (FDR
< 0.05) from non-targeting controls with respect to their cumulative pseudotime distribution (so-
called ASD pseudotime or ASD,s genes). The 17 ASD,s genes have a bimodal pattern of
deviation: 7 of the knockdowns have a left-shifted skew in pseudotime, describing a deceleration
in differentiation (ASD deceleration or ASDqc, labeled in green) and 10 of the knockdowns have a
right-shifted skew in pseudotime, describing an acceleration in differentiation (ASD acceleration
or ASDqc, labeled in red; Figure 3F, S2F). To determine if the 17 ASD,s genes simply reflect the
most strongly perturbed hcASD genes, we compared the sgRNA knockdown efficiencies for 15

ASDgs genes (SUV420H1 and SATB1 do not have detectable expression levels in the scRNA-
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Seq data but we independently validated their expression and subsequent knockdown in NPCs
with gPCR, Figure S3A) with 66 of the remaining hcASD knockdowns with detectable expression.
We observed that the two gene sets have comparable levels of knockdown as measured by
log2FC (Figure S2D), suggesting that their identification is based on their biological function
rather than extent of perturbation. Additionally, we compared the strength of association with ASD
(measured by FDR in Satterstrom et al.) for the 17 ASD,s genes and the remaining 70 hcASD
and observed that there was no significant difference between the distributions of FDRs for the
two gene sets (Figure S2E). Similarly, this suggests that the pseudotime analysis pinpointed the

17 ASD,s genes based on their biological function, rather than their effect size in ASD®.

The cumulative density plot for the non-targeting control cells has two inflection points, potentially
reflecting two differentiation events, which fits well with the pseudotime and cluster maps (Figures
3D-E, S2F). Examining the cumulative density of pseudotime for individual knockdowns revealed
unique trajectories and how they deviate at specific points from the non-targeting controls (Figure
S2F). Focusing first on two ASDq: genes: in the case of AP2S1, there appears to be a global
increase in density in all earlier cell states whereas in the case of NSD1, the divergence from non-
targeting controls appears right before the second differentiation event. We observed an inverse
pattern for two ASDac genes: KIAA0232 and SUV420H1. KIAA0232 was consistently accelerated
from non-targeting controls throughout differentiation, whereas SUV420H1 only showed

acceleration in pseudotime after the second differentiation event.

Repression of ASDys genes disrupts proliferation and differentiation
To better understand the biological correlates underlying the observed accelerations and
decelerations in pseudotime, we next conducted several targeted experiments focused on the 17

ASDys genes. More specifically, we generated separate knockdown cell lines for each of the 17
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ASDgs genes as well as for one control cell line with a non-targeting sgRNA (Figure S3A) and

then assessed cell cycle, proliferation, differentiation, and apoptosis.

ASD,s gene knockdowns alter cell cycle

The pseudotime phenotypes of the ASDys gene knockdowns suggest perturbation of proliferation
and/or differentiation, and therefore that cell cycle regulation may be disrupted. Therefore, we
asked whether the differential pseudotime phenotypes of the ASDys genes were associated with
cell cycle dysregulation in NPCs and neurons. Durations of G1 and S phase can indicate cell state
during neuronal differentiation: proliferative NPCs generally have a shorter G1 phase and a longer
S phase than differentiating neurogenic cells®. Therefore, we measured cell cycle phase
occupancy of bulk cells as an approach to infer durations of cell cycle phases®'. Specifically, we
fluorescently labeled S phase cells as well as DNA content and measured the percentage of cells
in each cell cycle phase (G1, S, and G2/M) via flow cytometry to estimate cell cycle phase
occupancy (Figure S1E). We compared the occupancies in cycling (S+G2/M) and non-cycling
(G1) phases between ASD,s knockdown cells lines and the control cell line. For all 17 ASDgs
genes, we observed significant deviation in cell cycle phase occupancy in non-differentiating
NPCs (proliferating only) and/or differentiating day 2 immature neurons (proliferating and

differentiating; Figures 4A, S3B).

In general, repression of ASDq: genes tended to result in a significantly increased percentage of
cells in S+G2/M phases in both NPCs and day 2 neurons, suggesting increased proliferation and
decreased differentiation, consistent with their observed deceleration in pseudotime. Notably, the
onset of this phenotype varied based on the gene. We next separated S and G2/M phases and
observed that knockdowns of ASDq4c. genes mainly increased S phase occupancy and decreased
G1 phase occupancy during the NPC stage but exhibited varied cell cycle phase occupancy

phenotypes by neuronal differentiation day 2 (Figure S3B). However, CREBBP knockdown cells
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are predominantly enriched in G2/M phase and depleted for cells from S phase in NPCs,

highlighting a cell cycle disruption distinct from other ASDqc genes.

In contrast, the majority of ASD.. gene knockdowns resulted in an increased percentage of cells
in G1 phase and a decreased percentage of cells in S+G2/M phases in both NPCs and day 2
neurons, suggesting decreased proliferation and increased differentiation, consistent with their
observed acceleration in pseudotime. However, ASDa.. gene knockdowns appear to be much
more heterogeneous and temporally dependent in their effects. For example, LDB1 and RFX3
knockdowns displayed elevated S+G2/M phase cells and diminished G1 phase cells, paralleling
ASDq. genes despite differing pseudotime dynamics (Figure 3F). Interestingly, ANKRD11 and
TCF20 knockdowns presented unique, temporally specific patterns, underscoring individual gene

intricacies.

Overall, these results demonstrate that repression of each of the 17 ASDys genes disrupt cell
cycle phase occupancy. However, while there are general trends of cell cycle phase occupancy
resulting from knockdown of ASDys genes, with ASD4c gene repression correlating with greater
occupancy in S+G2/M and ASD.c gene repression correlating with decreased occupancy in
S+G2/M, cell cycle phenotype alone is not sufficient to predict differentiation phenotype. This
may be due, in part, to the difficulty of separating truly proliferating cells (increased S+G2/M
occupancy) from cells stalled during cell division (may also manifest as increased S+G2/M
occupancy). Consistent with this possibility, when analyzing S and G2/M phases separately, cells
with knockdown of ASDac genes are much more likely to have a G2/M phenotype than cells with

ASDqc gene knockdowns (Figure S3B).
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ASD,s gene knockdowns alter NPC proliferation

To discern whether the pronounced S and/or G2/M phase occupancy in ASDg4. knockdowns stems
from an increased proliferation rate or cell cycle stalling, we utilized CFSE staining and flow
cytometry to assay NPC proliferation under non—differentiating conditions over the course of four
days (Figure 4B). Notably, AP2S1, NSD1, and CREBBP knockdowns surpassed non-targeting
controls in proliferation, suggesting their increased S and/or G2/M phase occupancy corresponds
to enhanced proliferation. TRIP12 knockdown resulted in reduced proliferation, pointing to
potential S-phase stalling (Figure S3B). The remaining three ASDg4. knockdowns did not
significantly deviate in proliferation from controls in this 4-day proliferation assay, potentially due
to the absence of a clear cell cycle phenotype (TBL1XR1, ADNP, Figure 4A, S3B) in NPCs and/or
the relatively short time frame of this analysis, which may be insufficient to reveal weak

proliferation phenotypes.

In the context of ASDac knockdowns, those with enhanced G1 phase occupancy coupled with
diminished S and/or G2/M phases, such as SATB1 and NUP155, showed decreases in NPC
proliferation. Conversely, knockdown of genes like LDB1, ANKRD11, and RFX3, which presented
with elevated S and/or G2/M phase occupancy, caused an increase in proliferation in the CFSE
assay. Interestingly, despite strong cell cycle phase occupancy phenotypes, we observed no
discernible change in short-term proliferation rates for the knockdowns of SUV420H1, ASXL3,
and GNA/1-though this may again be due to the short time frame of this assay. Finally, despite a
cell cycle phase occupancy phenotype that would suggest decreased proliferation rate, we
observed a slight but significant increase in proliferation rate for the knockdown of KIAA0232 in

NPCs.

Overall, these results suggest that disruption of proliferation is a common feature among ASDys

genes. However, the directionality of this phenotype does not appear to correlate with ASDgc or
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ASDq status. In part, this could be due to the fact that we conducted this assay under conditions
of proliferation only (i.e. non-differentiating conditions), whereas we identified the pseudotime
phenotypes under differentiating conditions, when proliferation and differentiation are entangled.
Thus, we next conducted several assays on differentiating cells, focusing on two ASDq4c. genes

(AP2S1, NSD1) and two ASD.. genes (KIAA0232, SUV420H1).

Expression of proliferative marker TOP2A during differentiation shows a divergence between
ASD.c and ASDq4: gene knockdowns.

We first utilized flow cytometry to estimate the percentage of proliferating (TOP2A+) cells present
at day 0, day 2 and day 4 of differentiation. We then calculated the fold-change of proliferating

cells in ASD.. and ASD4c gene knockdowns relative to non-targeting controls (Figure 4C).

In the ASDq4. genes, AP2S1 knockdown consistently exhibited increased TOP2A+ cell
representation throughout differentiation, suggesting a consistent and maintained high
proliferation rate. NSD1 knockdown demonstrated increased TOP2A+ cell percentage starting
from differentiation day 4 only, indicating a delayed onset of increased proliferation. Both of these
results are consistent with the respective cumulative density of pseudotime plots previously

described for these genes (Figure S2F).

For the ASDac genes, KIAA0232 knockdown persistently revealed a diminished percentage of
TOP2A+ cells across all time points of differentiation, indicating attenuated proliferation.
SUV420H1 showcased a notable TOP2A+ cell decline, starting at day 2 and intensifying by day
4, suggesting decreased proliferation during the later time points. Again, these proliferative
trajectories coherently align with the differential pseudotime analyses, wherein KIAA0232
registered an early differentiation increment and SUV420H1 diverged prominently from controls

later in differentiation (Figure S2F).
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Therefore, in general, the proliferative marker TOP2A appears to separate ASDyc and ASDaxc
genes with high fidelity. Moreover, its temporal pattern appears to be predictive of differences in

pseudotime trajectories, even within ASDac and ASDyc groups.

Immunocytochemistry reveals an increase in neuronal markers for ASDac genes.

Using immunocytochemistry, we assessed neuronal differentiation of the representative ASDac
and ASDqc gene knockdowns by staining for the deep layer neuronal marker, TBR1 (Figure 4D),
and the pan-neuronal marker, TUBB3 (Figure 4E), in day 4 neurons. To quantify the extent of
neuronal differentiation, we compared the fluorescence intensity of these markers in cells with

ASD,s gene knockdowns to the intensity of these markers in non-targeting controls.

The ASD.c gene knockdowns KIAA0232 and SUV420H1 exhibited a pronounced increase in
TBR1 fluorescence by day 4 of differentiation and a less pronounced increase in TUBB3.
Nonetheless, this suggests that these ASD.. gene knockdowns expedite differentiation relative to
non-targeting controls, consistent with their accelerated pseudotime trajectories. Conversely, for
both of the ASD4. genes, we did not observe a significant difference in TBR1 or TUBB3
fluorescence, consistent with their decelerated pseudotime trajectories. More specifically, cells
with repressed NSD1 trended towards a decline in TBR1 and TUBB3 fluorescence, implying a
potential deceleration in neuronal differentiation. Intriguingly, in the context of the ASDq4c. gene
knockdown AP2S1, we discerned a trend towards modest elevation in fluorescence for both
TUBB3 and TBR1, though this is most likely due to the enlarged somas of these cells (Figure

S3C), rather than increased differentiation.

Thus, while the deep layer neuronal marker TBR1 markedly delineates ASDq4. and ASD.c genes,

the pan-neuronal marker, TUBB3, less clearly separates the two populations of ASDys genes.
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hcASD gene knockdowns exhibit temporally distinct apoptotic dynamics during differentiation

To understand how the four ASD,s gene knockdowns impact apoptotic events over time, we
quantified the apoptosis marker cleaved caspase 3 (CCP3) using flow cytometry. We then
compared the CCP3-positive (CCP3+) cell percentages in gene knockdown samples to non-

targeting controls as a means of assessing relative changes in apoptosis (Figure S3D).

Our analysis revealed that knockdown of the ASD.c genes KIAA0232 and SUV420H1 resulted in
an increased percentage of CCP3+ cells at day 0, indicative of early apoptosis. In contrast, at day
0, knockdowns of the ASDq. genes AP2S1 and NSD1 either did not change the percentage of
CCP3+ cells or significantly decreased it, respectively, suggesting decreased apoptosis.
However, this pattern flipped at days 2 and 4. At these timepoints, knockdowns of the ASDac
genes resulted in either a decrease in the percentage of CCP3+ cells (SUV420H1) or a return to
baseline (KIAA0232) whereas knockdowns of the ASDy. genes resulted in either an increase in
the percentage of CCP3+ cells (AP2S17) or a return to baseline (NSD7). Overall therefore, these
patterns suggest that decreased early apoptosis may be a component of the ASDq: phenotype,
and conversely, that increased early apoptosis may be a feature of the ASDac phenotype. That
being said, more work is needed to understand the generalizability of these findings as well as

the unique patterns observed for each gene.

Cluster overrepresentation reveals convergent cell state changes downstream of hcASD
gene knockdowns

To elucidate the overarching cell state changes following hcASD gene knockdown, we assessed
whether the distribution of cell counts for each knockdown were enriched or depleted in any of
the four macro-clusters (Figure 3A). More specifically, within each cluster we compared the

distribution for each hcASD gene perturbation to the distribution of non-targeting controls using
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an internally developed tool, cshift. We present a global overview (collapsing all timepoints) of
these shifts in (Figure 5A), and time point-specific changes in (Figure S4A-C). In all figures, we
display all hcASD gene knockdowns with significant enrichments or depletions in one or more

timepoints.

Differential cluster analysis reveals consistent shifts in hcASD gene knockdowns

Overall, we noted a striking overrepresentation of hcASD gene knockdown cells within the Cycling
2 cluster (Figure 5A). This trend encompassed not only ASDps gene knockdowns but also
numerous other hcASD gene knockdowns. To quantify the significance of this observation and its
generalizability to all 87 hcASD genes, we calculated the mean fractional occupancy of all
knockdowns across each of the four clusters and conducted a differential representation analysis
compared to non-targeting controls. This revealed a prominent overrepresentation of cells with
any of the 87 hcASD gene knockdowns in the Cycling 2 cluster (Figure 5B), a result that persisted
even after excluding the 17 ASD,s knockdowns (Figure 5B). Therefore, this suggests that, in
general, disruption of hcASD genes tends to push cells towards the Cycling 2 “state”. It also raises
the possibility that additional hcASD genes may disrupt the trajectory of neuronal differentiation

but that we were underpowered to detect their effects in this study.

Despite the convergent phenotype of Cycling 2 overrepresentation across hcASD genes in
general, we still observed a high degree of consistency between shifts in cluster representation
and differential pseudotime trajectories (Figure 5A). Overall, ASDq. gene knockdown cells tended
to be enriched in the Cycling populations and depleted in the Differentiating population. For
example, knockdown of the ASDq. gene, AP2S1, resulted in a pronounced overrepresentation of
these cells in the Cycling 1 cluster, matching its slowed differentiation trajectory (Figure 3F,
Figure S2F) and increased rate of proliferation (Figure 4A-C). Likewise, repression of another

ASDgy. gene, NSD1, resulted in a strong overrepresentation of these cells in the Cycling 2 cluster,
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consistent not only with its slowed differentiation trajectory and increased rate of proliferation but
also with the delayed onset of these phenotypes relative to AP2S1 (Figure S2F). Conversely,
ASDs.c gene knockdown cells tended to be enriched in the Differentiating population. For example,
knockdown of the ASD.. genes, NUP155 and SATB1, resulted in a clear overrepresentation of
these cells in the Differentiating cluster, matching their accelerated differentiation trajectory
(Figure 3F) and decreased number of proliferating cells (Figure 4C). That being said, the ASDac
gene knockdowns also tended to be enriched in Cycling 2 cells, highlighting the complex interplay
between proliferation and differentiation as well as what appears to be multifaceted biology of

Cycling 2 cells.

Characterization of the Cycling 2 cluster reveals enrichments in checkpoint signaling, mitotic
spindle organization, and RNA binding

To begin to develop hypotheses about the nature of the Cycling 2 cluster, we identified genes
differentially expressed in Cycling 2 cells, as compared to the cells in all of the other macro-

clusters. We then performed gene set enrichment analysis (Figures 5C-D).

Our results highlighted significant enrichment in biological processes involved in cell cycle
regulation. Specifically, the G2/M checkpoint, the G1/S transition (E2F target genes), and terms
related to the mitotic spindle predominated (Figure 5C, S4E), consistent with our observations
of disrupted cell cycle in cells with perturbed hcASD genes (Figure 4). Focusing next on molecular
functions, we observed strong enrichment for RNA binding, as well as for microtubule/tubulin,

actin, cadherin, and kinase binding, among others (Figure 5D).

To better understand putative differences between the cycling clusters, we next compared the
Cycling 2 cluster to the Cycling 1 cluster. Neuronal differentiation genes like DCX, STMN2, and

STMN4 are upregulated in cells in the Cycling 2 cluster (Table S1). In contrast, when juxtaposed
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with the Intermediate cluster, we observed upregulation of proliferative markers such as TOP2A,
MKI67, and CCNB1 (Table S1). These results match the velocity pseudotime trajectory across
these clusters (Figure 3D-E). Taken together, this suggests that the Cycling 2 cluster may
represent a transitional cell state, bridging cycling and intermediate cells. Consistent with this
hypothesis, biological processes related to neurogenesis are enriched in the genes upregulated
in Cycling 2 versus Cycling 1 cells, and biological processes related to cell cycle, mitosis, and
DNA replication are enriched in the genes upregulated in Cycling 2 and Intermediate cells (Figure

S4F-G).

ASDq. and ASD.. gene knockdowns have opposing transcriptional signatures

We next leveraged the CROP-Seq data to identify differentially expressed genes (DEGs) by
comparing each of the hcASD gene knockdowns to the non-targeting controls. Overall, we
identified 3,175 unique DEGs across 73 of the 87 hcASD genes (Figure S5A). 1,305 of these
DEGs are shared across two or more hcASD genes, 803 are shared across three or more hcASD

genes, and 29 are shared across ten or more hcASD genes (Figure S5B).

We estimated the effect size of each knockdown by calculating the number of DEGs (Figure
S5A). Interestingly, the number of DEGs did not correlate with knockdown efficiency (Figure
S2A). Along these lines, the 17 ASD,s knockdowns have a much larger number of DEGs
compared to the other knockdowns (Figure S5C) despite comparable knockdown efficiency
(Figure S2D), indicating the stronger differential pseudotime phenotypes may be in part due to
larger effect sizes of the knockdowns. Indeed, the vast majority of the 3,175 DEGs are present
even after narrowing to DEGs of the 17 ASD,s genes only (2,527 of 3,175 or 80%; Figures 6A,

S5D).
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We next investigated the 2,517 DEGs underlying the ASDps gene knockdowns. Strikingly,
hierarchical clustering using the log2 fold change of each DEG perfectly stratified the ASDg4. and
ASD.. genes, with high correlation within groups and inverse correlation between groups (Figure
6A, S5E). This suggests that there are convergent transcriptional patterns underlying the
differential pseudotime phenotypes and that the majority of transcriptional variation is related to

pseudotime.

To investigate this further, we identified 286 “Signature” DEGs that were regulated in opposite
directions between the two groups and occurred as significant DEGs in at least two gene
knockdowns (Figure 6B-C). Interestingly, most of the 286 DEGs are upregulated in the ASDac
group and downregulated in the ASDqc group. Gene set enrichment analysis of these 286 DEGs
showed significant enrichment of biological processes related to neurogenesis and axon
development (Figure 6D). The vast majority of genes in these categories were upregulated in the
ASDs. group, consistent with their phenotype of accelerated differentiation. Exploring molecular
function, we observed significant enrichment of terms related to mRNA, microtubule/ tubulin,
actin, cadherin, and kinase binding (Figure 6E). In contrast to the biological process enrichments,
genes in the molecular function categories were not consistently up- or down-regulated in the
ASDsc group, suggesting more complex dynamics. We also performed gene set enrichment
analysis against the MSigDB hallmark gene sets®?, observing enrichment of terms related to cell
cycle, such as “G2/M Checkpoint”, “E2F Targets” (G1/S transition), and “Mitotic Spindle” (Figure
S5F). Additionally, we observed enrichment for “Hedgehog Signaling”, a pathway not only critical
to neural progenitor cell proliferation and differentiation®*-®° but that has been shown to modulate

the effect of hcASD gene disruption during neurogenesis®.

Overall therefore, these results are highly consistent with the differential pseudotime and cell cycle

phenotypes observed downstream of repression of these genes. They are also highly congruent
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with enrichments observed in analyses of the Cycling 2 cluster, which is enriched for hcASD gene
perturbations. More specifically, we consistently observe derangements of genes related to cell
cycle regulation and the mitotic spindle as well as of genes related to the binding of RNA, tubulin,

actin, cadherin, and kinases (Figures 5A, 6D-E, S4E-F, S5F).

Differentially expressed genes are enriched for hcASD risk genes and hcASD protein
interactors

We asked whether the transcriptional dysregulation resulting from hcASD gene repression
intersects with other ASD-relevant gene sets. We first assessed the overlap between the DEGs
identified in this study and newly discovered hcASD genes, based on the hypothesis that hcASD
gene knockdowns will converge on ASD-relevant transcriptional changes, and therefore, that the
DEGs will be enriched for new hcASD genes. We focused on hcASD genes identified in three
new (i.e. published after Satterstrom et al., which identified the hcASD genes studied here)

exome-wide and/or genome-wide studies of rare variation in ASD"*%¢

and assessed overlap with
the full set of DEGs (n = 3,175) as well as the subset of “Signature” DEGs (n = 286). We observed
that the hcASD genes (FDR < 0.1) identified in the Trost et al. and Fu et al. datasets are
significantly overrepresented within the full gene set (Figure 7A). However, hcASD genes from
Zhou et al. are not significantly enriched, perhaps due to the relatively small number of genes
identified in this study (72 versus 255 in Fu et al. and 134 in Trost et al.) and/or the more moderate
effect sizes of the Zhou et al. genes’. Overall however, the union of the hcASD genes identified
across the three studies is also significantly enriched within the full set of DEGs. Notably, after
narrowing to the 286 “Signature” genes, we observed significant overrepresentation of hcASD
genes from all three studies and a two-fold increase in effect size (Figure 7A). Altogether, these

results suggest that the DEGs, especially the “Signature” set, are capturing ASD-relevant biology

and are predictive of new ASD genes.
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Next, based on the hypothesis that the pathways disrupted downstream of hcASD gene
knockdowns will intersect with physical interactors of hcASD proteins, we assessed the overlap
between our DEGs and a recently released ASD protein-protein interaction (ASD-PPI) network
encompassing 100 hcASD “bait” proteins (85 of which overlap with the hcASD genes studied
here), 1,043 “prey” proteins, and 1,881 interactions®”. We started by dividing this network into 8
clusters based on inter-gene network distance® (Figure S6A-B, Methods). We then assessed
overlap of the full set of 3,175 DEGs as well as the 286 “Signature” DEGs with the whole ASD-
PPI network and with each of the 8 clusters (Figure 7B). We observed significant enrichment of
both DEG sets in cluster 6, with the “Signature” gene set again trending towards a larger effect
size, indicating that transcriptional changes associated with hcASD gene perturbations are
biologically related to a subset of hcASD protein-interactions. Indeed, gene set enrichment
analysis of cluster 6 demonstrated enrichment for molecular functions consistent with previous

analyses, including cadherin, actin, RNA, and microtubule binding (Figure 7C).

The centrosome is a microtubule organizing center that also functions as a critical hub of RNA
modification and interacts with actin*. It is also paramount for cell division and dynamically
regulated during differentiation of NPCs to neurons (among other cell types). Moreover, recent
work has identified significant overrepresentation of hcASD genes in centrosomal PPI
networks®#*. Thus, given the consistent enrichment of biological processes and molecular
functions related to microtubules, RNA-binding, and actin, as well as the role of this organelle in
cell division and differentiation, we hypothesized that our DEGs may intersect centrosomal
biology. To investigate this, we evaluated the enrichment of the full set of 3,175 DEGs as well as
the 286 “Signature” DEGs in centrosomal interactomes recently experimentally derived from
NPCs and neurons*. Indeed, we observed significant enrichments in both centrosome
interactomes, albeit with much stronger signal in neurons (Figure 7D). Hence, we focused on the

neuron dataset and conducted gene set enrichment analyses of the full centrosomal interactome
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as well as of the subset of the interactome overlapping with our 3,175 DEGs (Figure 7E). In the
full interactome we observed an overrepresentation of molecular functions related to RNA,
microtubule/tubulin, cadherin, and actin binding, consistent with the observations of O’'Neill et al.
However, while these terms are also recovered in the gene set enrichment analysis of the
intersection between the interactome and our 3,175 DEGs, there was a pronounced shift towards
a greater enrichment of RNA-binding related terms (Figure 7E). Taken together, these results
suggest that the consistent enrichment of terms related to RNA-binding and microtubules

observed throughout this study may in fact reflect a convergent point of biology.

Given the particularly strong enrichment of terms related to RNA-binding, we next assessed how
individual hcASD gene knockdowns impact known RNA-binding proteins (RBPs). We focused on
DEGs with annotated RNA-binding domains and confirmed RNA-binding activity, as curated in
the RNA-Binding Protein DataBase®® (Figure 7F). We observed large dysregulatory events in the
RRMx3 and KH families, where genes in these families tended to have opposing patterns of

dysregulation between ASD4. and ASD.c genes knockdowns.

We also explored the heterogeneous nuclear ribonucleoprotein (hnRNP) family of RNA binding
proteins (RBPs) as 6 of the 22 DEGs (27%) are hnRNP family members (Figure 7F) and an
additional hnRNP gene, HNRNPH1, is significantly upregulated in the Cycling 2 cluster (Figures
5D, S4H). Moreover, all three of the new (i.e. after Satterstrom et al.) exome-wide and/or genome-
wide studies of rare variation in ASD identified one or more hnRNPs as hcASD genes’*%. hcASD
gene knockdowns result in widespread dysregulation of several hnRNPs, spanning multiple sub-
families (Figure S6C,D). Again, some of these genes, like PCBP4 and HNRNPC, were
dysregulated across a large number of hcASD gene knockdowns and have opposing patterns in

ASD, versus ASDq4c gene knockdowns.
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Finally, we visualized the relationship between the hcASD genes perturbed here and hcASD

D"%%  More

genes identified in three new “hypothesis-naive” sequencing studies of AS
specifically, we narrowed to the 27 hcASD CRISPRI genes with one or more DEGs identified as
hcASD genes in Fu et al., Trost et al., or Zhou et al (n = 71). We then generated a functional
network, adding directed edges between source genes (hcASD CRISPRI genes) and target genes

(DEGs) (Figure 7G). This resulting map provides a putative functional hierarchy for the hcASD

genes perturbed in our study, with respect to an expanded set of hcASD genes.

For example, many of the hcASD risk genes upregulated FEZF2, a transcriptional repressor
required for the specification of layer 5 projection neurons in the cerebral cortex’". Interestingly,
repression of FEZF2 by another hcASD gene, TBR1, is critical for restricting the laminar origin of
the corticospinal tract to layer 5, thereby ensuring proper development of layer 6 projection
neurons’*’®. Thus, the many hcASD gene perturbations that result in upregulation of FEZF2, as
well as the perturbations that disrupt TBR7, may impact specification of both layer 5 and 6
projection neurons, which fits well with previous work implicating deep layer neurons as a nexus
of ASD risk®'2. There is also cross-functional control, where different hcASD CRISPRi genes
show inverse control over an hcASD gene, like MYT1L, a transcription factor involved in neuronal
cell differentiation and maturation’®’”. Remarkably, ASDac (SUV420H1, TCF20, RFX3) and ASDqc
(CREBBP, AP2S1) genes impacting MYT1L have opposing directions of effect. Furthermore, as

76,77

expression of this gene promotes neuronal differentiation”™ ', it is intriguing to note that the ASDgc
knockdowns result in downregulation of this gene and the ASD.. knockdowns result in
upregulation. There are also nested hierarchies within the hcASD gene knockdowns, such as the
interaction of NUP155 and ASXL3, where NUP155 knockdown impacts the expression of ASXL3,
and as such, they share many downstream targets and have consistent pseudotime and cell cycle

phenotypes (Figure 3F, 4A-B). Another example of this is two “atypical” ASD.. genes, LDB1 and

RFX3, where LDB1 knockdown impacts RFX3 expression—though in this case they do not share
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direct downstream targets despite sharing phenotypes in pseudotime, cell cycle and proliferation

(Figure 3F, 4A-B).

Patient-derived loss-of-function variants in ASDys genes are associated with brain size
phenotypes in human patients

Brain size phenotypes have been associated with ASD in humans, and related phenotypes are
often evaluated in in vitro and in vivo ASD models®*’®%° Since ASD.. and ASD4 gene
knockdowns led to derangements in multiple cellular processes during NPC differentiation, we
hypothesized that patient-derived variants within the 17 ASD,s genes may be associated with
altered brain size (macrocephaly or microcephaly) in human patients with pathogenic variants in
these genes. Therefore, we queried the DECIPHER database®' and tabulated the number of
individuals with “open-access” loss-of-function (LoF) sequence variants in the 17 ASD,s genes as
well as in a negative control set consisting of the 17 hcASD genes with the lowest pseudotime
phenotype (i.e. non-significant and lowest ranked in the K.S test, Figure 3F, Table S4). The so-
called ASDgsneg control genes do not differ from the ASDps genes in terms of their CRISPRI-

mediated knockdown (Figure S2A).

Overall, we did not observe a clear relationship between LoF variants in the 17 ASD,s genes and
brain size phenotypes, as compared to the 17 hcASDpsneg genes (OR 1.15, p = 0.32, one-sided
Fisher’s exact test), though this test is underpowered. However, LoF variants within ASDq4: genes
alone are associated with a brain size phenotype (OR 1.74, p = 0.019), and this seems to be
driven solely by their strong association with microcephaly (OR 2.71, p = 0.00045 for microcephaly
versus OR 0.45, p = 0.97 for macrocephaly). In contrast, LoF variants in ASD.c genes alone are
not associated with a brain size phenotype (OR 0.69, p = 0.93). That being said, this analysis is
hindered by missing data, as 40% (4 of 10) of the ASDa. genes do not have open access data in

DECIPHER whereas only 14% (1 of 7) ASDq4. genes are missing data. Nonetheless, unlike
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variants in the ASDq. genes, which are biased towards microcephaly (p = 0.03, two-sided
Wilcoxon rank-sum test), variants in the ASDac genes appear to be relatively evenly distributed
across microcephaly and macrocephaly (p = 0.80). This is consistent with our observations that
ASDsc gene knockdowns appear to be much more heterogeneous in their impacts on proliferation
and differentiation (Figures 4A-B, 5A). Taken together, these results suggest that patient-derived
LoF variants in ASDq; genes have more homogenous effects on neurogenesis and tend to result
in microcephaly whereas the relationship between patient-derived LoF variants in ASDac genes

and brain size is more complicated (and perhaps obscured by missing data).
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Discussion

Whole-exome and whole-genome sequencing studies of ASD have identified many high-effect
high-confidence ASD (hcASD) risk genes®®%2 Yet the cellular and neurodevelopmental
consequences of mutations in these genes remain poorly understood, especially with respect to
delineating core components of pathology versus unrelated pleiotropic effects®'®. Excitingly
however, the advent of high throughput, CRISPR-based approaches enable highly parallelized
functional studies aiming to link disruptions of these genes to specific molecular processes and
phenotypes shared across a large number of hcASD genes, thereby pinpointing convergent

points of biology relevant to at least a subset of patients with ASD.

There have been three parallelized in vivo screens of a smaller number of hcASD genes (10-35
genes) conducted to date?>?*?, All three implicated excitatory neurogenesis, but the specific
molecular processes underlying this convergent phenotype were not elaborated. Several more
studies have examined ASD risk genes in parallelized in vitro screens, similarly, identifying
neurogenesis-related phenotypes without clear molecular correlates. Additionally, the in vitro

27-31 and sometimes even further restricted to

studies chose genes based on manual curation
those with similar putative biological functions?”?°. Although manually-curated gene lists tend to
be more comprehensive, they also tend to introduce a degree of bias that is largely avoided by
8,10

focusing on genes identified by exome- and genome-wide approaches (e.g. hcASD genes)

Thus, the generalizability of the in vitro findings generated to date is unclear.

Here, we leverage pooled CRISPR interference (CRISPRI) coupled with single cell RNA
sequencing (CROP-Seq) to mimic the impact of loss of function variants in 87 hcASD risk genes
during the most dynamic period of an in vitro model of human cortical neurogenesis, representing

the largest screen of hcASD genes conducted to date. Importantly, we assessed multiple
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timepoints and focused on many hcASD genes, chosen purely based on statistical association,
without a priori assumptions about their biological function. We also conducted multiple

experiments to validate and expand upon the results of the CROP-Seq screen.

Overall, we identify a clear point of convergence around neurogenesis, expanding the
generalizability of a large body of work®12-2426-30.32=34 ' gpecifically, we observe that disruption of
hcASD genes in general biases cells towards the Cycling 2 cluster—a population of cells that may
represent a transitional cell state, bridging Cycling 1 and Intermediate cells. Indeed, compared
with Cycling 1 and Intermediate cells, we observe differential biology related to neurogenesis, cell
cycle, mitosis, and DNA replication. Thus, overrepresentation of hcASD gene knockdowns within

this common cell state could indicate differences in proliferation and/or differentiation.

Consistent with this observation, we identified 17 hcASD genes within which disruption leads to
clear derangements in cell cycle and differentiation trajectory (ASD pseudotime or ASD,s genes).
Ten of these genes resulted in an acceleration of differentiation (ASDac) and 7 of these genes
resulted in a deceleration (ASDqc), in line with phenotypes observed in other in vitro screens of
ASD genes?”?8, Importantly, we identified coherent molecular correlates underlying disruption of
the 17 ASDys genes. All 17 genes have disrupted cell cycles, with generally opposing patterns
between ASDq. (increased representation in S+G2/M phases) and ASD.. genes (decreased
representation in S+G2/M phases). Interestingly, sorting these 17 ASD,s genes by transcriptional
phenotype perfectly stratified the two groups of genes, suggesting that there are convergent
transcriptional patterns underlying the differential pseudotime phenotypes. Accordingly, we
identified 286 Signature genes with opposing transcriptional signatures in the ASD4c and ASDac
gene groups. Notably, when looking at enrichment of biological processes within these genes,
terms related to neurogenesis and axon development predominated and these processes were

upregulated in the ASDac group, consistent with their phenotype of accelerated differentiation.
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The lack of a clear phenotype in the remainder of hcASD genes could be due to many factors,
including insufficient statistical power and/or a requirement for a longer time course to detect weak
effects as well as the possibility that these genes are more relevant to different biological
processes and/or cell types®. Nonetheless, the broader set of differentially expressed genes
(DEGs) identified across all hcASD genes significantly overlap with new hcASD risk genes from
three recent exome- and genome-wide sequencing studies in ASD"*%®. Similarly, we observed
significant overlap between these DEGs and a subnetwork (cluster 6) of a recently generated
hcASD protein-protein interaction (PP1) network®’. Together, these results suggest that the DEGs
of hcASD genes converge to some extent as well as capture aspects of ASD biology, suggesting

some degree of broad relevance.

Along these lines, in addition to convergence around cell cycle regulation and the mitotic spindle,
across orthogonal analyses we recurrently observed enrichment of molecular function terms
related to RNA, microtubule/tubulin, actin, cadherin, and kinase binding. More specifically, genes
upregulated in Cycling 2 cells, genes within the 286 Signature gene set, and proteins within cluster
6 of the hcASD-PPI network are all enriched for these molecular functions. These consistent
enrichments, as well as prior work linking the centrosome with ASD**, suggested that
centrosomal biology may intersect with hcASD gene disruptions during neurogenesis. Indeed, we
observed significant overlap between experimentally derived centrosomal proteins** and both the
broader set of DEGs as well as the 286 Signature DEGs. This result coherently links our observed
neurogenesis phenotypes, as well as the molecular processes putatively underlying them, with
the well-characterized role of the centrosome in cell division, cell migration, cilia formation, and
neurite outgrowth as well as in organizing RNA-binding/modifying proteins and their targets**%*-

8 Taken together, these results suggest that the consistent signals observed throughout for

microtubule-related biology and RNA-binding proteins are likely interrelated. That being said, it is
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not clear whether one or both are driving the phenotypes we have observed here. Thus, more

work is needed to disentangle the relevance of microtubule biology versus RNA-binding proteins.

Furthermore, these are relatively broad functional categories. For instance, within microtubule-
related biology, many of the signals observed throughout this paper suggest that the proliferation
and differentiation phenotypes could be due to disruption of the mitotic spindle, especially as a
subset of hcASD genes have recently been shown to localize to the mitotic spindle®. That being
said, our gene set enrichment analysis of the 286 Signature genes also highlighted Sonic
hedgehog signaling, which intersects hcASD gene disruption during neurogenesis® and is

88,89

localized to primary cilia®>*", a microtubule-based organelle essential for NPC proliferation and

63-65

differentiation As the content and function of the centrosome changes during

t4490-92 perhaps the much stronger overlap between the DEGs identified here

neurodevelopmen
and the neuron centrosomal proteins offers some insight. Even so, careful experimentation will
be required to parse the relative contributions of microtubule-related structures to hcASD-

associated disruptions in proliferation and differentiation during neurogenesis.

Finally, even though individuals with ASD demonstrate extremely heterogeneous clinical
presentations, we observed a strong relationship between ASD¢. genes and microcephaly.
However, much more work is needed to understand how ASDys phenotypes in vitro relate to
neurodevelopmental phenotypes in human patients. Nonetheless, this raises some hope that in
vitro screens of ASD genes, particularly those chosen in a hypothesis-naive manner, have the
potential to generate insights with meaningful clinical correlates, and therefore, that they may
eventually help to stratify patients and/or inform the development of novel treatment strategies

and targets.
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Materials and Methods

Cell Culture

iPSCs

We obtained the iPSC line engineered with dCas9-KRAB machinery from Allen Cell Collection
(Cell line ID: AICS-0090 cl.391). The iPSCs were maintained in mTeSR medium (STEMCELL
Technologies, Cat#100-0276) on Matrigel (Fisher Scientific, Cat#08774552) coated tissue culture

plates.

Generating Neural Progenitor Cells (NPCs) from iPSCs

Dorsal forebrain fate neural progenitor cells were generated from iPSCs through dual SMAD
inhibition and WNT inhibition using small molecules (adapted from Qi et al., 2017°). At day -1,
iPSCs were plated on Matrigel coated plates at ~400k cells/cm? in mTeSR plus medium
(STEMCELL Technologies, Cat#100-0276). From day 0 to day 3, cells were fed with KSR medium
(15% Knockout Serum Replacement in Knockout DMEM, 1xGlutaMAX, 1XMEM-NEAA, 0.1mM
BME) containing small molecules 250nM LDN193189 (LDN) (Tocris, Cat No. 6053), 10uM
SB431542 (SB) (Tocris, Cat#1614) and 5uM XAV939 (XAV) (Tocris, Cat#3748). At day 4, cells
were cultured in %3 KSR + 74 N2 (DMEM/F12, 1x N2, 1x B27 -Vitamin A, 1x GlutaMAX, 1x MEM-
NEAA) + LDN/SB/XAV, and at day 5 medium switched to 73 KSR + % N2 + LDN/SB/XAV. At day
6, cells were passaged with EDTA at 1:2 and cultured on Matrigel coated plates in NPC medium
containing DMEM/F12, 1xN2, 1xB27 -Vitamin A, 1x GlutaMAX, 1x MEM-NEAA, 10ng/ml FGF2
(Peprotech, Cat#100-18B) and 10ng/ml EGF (Fisher Scientific, Cat# 236EG200) supplemented
with 5uM XAV. At day 7, cells were fed with the same medium as day 6. At day 8, cells were
passaged at 1:3 using Accutase (STEMCELL Technologies, Cat#07920) and cultured in NPC

medium on Matrigel coated plates onwards.
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Generating neurons from NPCs

Deep layer-like cortical excitatory neurons were generated from NPCs through inhibitions of ERK,
FGF and Notch signaling pathways using small molecules (adapted from Qi et al., 2017%).
Specifically, NPCs were plated onto Poly-L-Ornithine (PLO)(MilliporeSigma, Cat#27378-49-
0),laminin (Fisher Scientific, Cat#23017015), and fibronectin (MilliporeSigma, Cat#F1141-1MG)
coated plates at ~270k cells/cm? in NPC medium at day -1. At day 0, cells were fed with neural
differentiation medium (NDM: neurobasal medium with 1 x B27 no vitamin A, 1 x N2, 1 x
GlutaMAX, 1 x MEM-NEAA, 20ng/ml BDNF, 0.5mM dibutyryl cAMP, 0.2mM ascorbic acid)
containing small molecules 1uM PDO0325901 (P)(Tocris, Cat#4192), 5uM SU5402
(SU)(MilliporeSigma, Cat#SML0443), 10uM DAPT (D)(Tocris, Cat#2634). Media was refreshed
every three days. For long term differentiation, small molecules were withdrawn at day 7 and

onward.

Establishing CRISPRi NPCs for validation experiments

Single guide RNA (sgRNA) design and cloning

Top and bottom oligos of non-targeting sgRNAs and ASD risk gene-targeting sgRNAs were
designed using a CRISPRi guide RNA design tool®® (https:/github.com/mhorlbeck/
CRISPRiaDesign) developed by Martin Kampmann lab, and were ordered from IDT. Top and
bottom oligos were annealed and the annealed products were inserted into a linearized lentiviral
vector pMK1334 (Addgene, Cat#127965) through ligation. The ligation products were
transformed into DH5 Alpha competent cells. Cells with the desired plasmid were selected using
ampicillin and amplified. DNAs of lentiviral vectors carrying sgRNAs were purified from cells using
QlAprep Spin Miniprep kit (Qiagen, Cat#27106) and were Sanger sequenced for sequence

validation.
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Lentiviral production and NPC transduction

To establish individual hcASD gene knock-down NPC lines for targeted experiments, NPCs with
CRISPRi machinery were transduced with a lentiviral vector carrying a targeting sgRNA.
Specifically, lentiviruses were produced in Lenti-X 293T cells (Takara Bio, Cat#632180) and
lentivirus-containing supernatants were concentrated using Lenti-X concentrator (Takara Bio,
Cat#631231). NPCs were transduced and selected using 4ug/ml puromycin (Fisher Scientific,
Cat#5015328) to obtain greater than 90% transduced cells in culture. The transduction efficiency
was evaluated by measuring BFP expression in the sgRNA lentiviral vector by flow cytometry.
Knock down efficiency of the sgRNAs for the 17 ASDys genes were validated by gPCR in NPCs
under non-differentiating conditions, i.e. conditions meant to maintain proliferation (Figure 2A;
see also next section). Specifically, we extracted total RNA from NPCs transduced with non-
targeting control sgRNA and hcASD targeting sgRNA as described above. Samples were
collected in triplicates for each condition. We then converted the total RNA into cDNA through
reverse transcription. We used cDNA to measure the target gene expression using the double
delta Ct method and calculated the log2FC of a target gene in hcASD gene knocked down cells

compared to the control cells.

Validation of expression and knockdown of the 17 ASDys genes in NPCs

Previously, when we assessed knockdown efficiency of the 17 ASDys knockdowns using data
from the CROP-seq experiment, expression of SUV420H1 and SATB1 did not pass the detection
threshold, and knockdowns of ASXL3, NUP155, TCF20 and DYRK1A were not statistically
significant (Figures S2A, S5A). However, the large number of DEGs for these ASD,s genes
suggested that we achieved a meaningful degree of repression. Therefore, we utilized gPCR to
perform an orthogonal check of knockdown efficiency, and confirmed detectable expressions of

all 17 genes in NPCs and significant knockdown of SUV420H1, SATB1, TCF20, and DYRK1A as
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well as borderline significant knockdown of NUP155 (Figure S3A). sgRNAs against the other 11

previously confirmed ASD,s genes also validated.

CROP-seq

CROP-seq sgRNA library construction

First, we designed non-targeting/control and hcASD gene targeting single guide RNAs (sgRNAs)
using a pipeline that the Kampmann lab developed®® (https://github.com/mhorlbeck/
CRISPRiaDesign). An average of two sgRNAs were designed for each target gene. We then
validated the majority of the sgRNAs either through establishing individual knockdown cell lines
and measuring the target gene expression by qPCR, or through a pilot CROP-seq experiment in
NPCs. We preferably selected sgRNAs that have knockdown efficiency between 30% and 70%.
The hcASD gene sgRNA sequences are listed in Table S5. For the CROP-seq experiment
presented in this study, we included one validated sgRNA per gene. We conducted pooled cloning
to construct a CROP-seq sgRNA library that allows constitutive expression of sgRNAs in cells.
Specifically, we digested the pMK1334 lentiviral vector with BstXl + Blpl restriction enzymes.
Linearized pMK1334 vector was purified using NucleoSpin Gel and PCR clean-up kit (Takara Bio,
Cat#740609.50). Top and bottom oligos of non-targeting and targeting sgRNAs were annealed.
Annealed sgRNAs were pooled using the desired amount. The pooled annealed oligos were then
diluted and inserted into linearized pMK1334 lentiviral vectors. A test transformation was
performed in DH5 Alpha competent cells to assess the ligation efficiency, followed by a large-
scale transformation in Stellar Competent cells for final library amplification and purification.
Before transducing cells, we measured the proportion of each sgRNA in the library through
sgRNA enrichment PCR and high throughput sequencing to check the sgRNA representations in
the library. For sgRNAs with low counts, we spiked them into the existing library to ensure no

dropouts of sgRNAs.
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Cell preparation

We produced a pool of lentiviruses containing the CROP-seq sgRNA library and transduced NPC
with relatively low titer of lentiviruses (10-20% transduction efficiency) to minimize multiple
infections in which a cell receives more than one sgRNA. NPC cultures after puromycin selection
were used for the CROP-seq experiment. At day 0, day 2 and day 4 of differentiation, cells were
harvested using papain (Worthington, Cat#9001-73-4). Cells were prepared according to 10x

Genomics general sample preparation protocol.

Single cell RNA-seq library preparation

At each time point, ~90k cells were loaded into 3 wells (~30k cells per well) of the Chromium Next
GEM Chip G for GEM preparation. GEMs of each time point were stored in -20°C. Single cell
library preps of all 9 samples from the three time points were conducted together according to the
protocol provided for Chromium Next GEM Single Cell 3' Reagent Kit v3.1 (10x Genomics,
Cat#PN-1000121). Concentrations of libraries were measured using Agilent High Sensitivity DNA

kit (Agilent Technologies, Cat#5067-4626) on Bioanalyzer.

SgRNA enrichment

Briefly, three PCR reactions were performed followed by 1x SPRIselect beads (Fisher Scientific,
Cat#NC0406407) cleanup after each PCR reaction. In PCR1, 15ng full-length cDNA from single
cell RNA-seq library prep per sample was used as a template. In PCR2, 10ng post-cleanup PCR1
product was used as a template. In PCR3, 10ng post-cleanup PCR2 product was used as a
template to add sample indices. All PCR reactions were conducted using KAPA Hotstart HiFi
ReadMix (VWR, Cat#103568-584) with annealing temperature at 62°C (15 sec) and extension at
72°C (15 sec) for 18 cycles (PCR1) or 15 cycles (PCR2 and PCR3). Concentrations of post-PCR3

products were measured using Qubit dsDNA HS assay kit (Thermo Scientific, Cat#Q32854).
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Sequencing
Samples of single cell RNA-seq libraries and enriched sgRNAs were pooled together at 5nM for
sequencing on S2 and S4 flow cells of lllumina NovaSeq. Approximately 1 billion reads were

generated per sample.

Sequence Alignment

A kallisto index was generated from the human transcriptome using the ENSEMBL cDNA
reference (GRcH38). Introns were annotated using the GRCh38 version 105 genome annotation.
The default k-mer size (k=31) was used in generation of the index. The 10X sequences were then
pseudo-aligned to this index using kallisto-bustools *. The ‘lamanno’ workflow was specified, and
the reads were mapped to both spliced and unspliced transcripts. After pseudo-alignment,
barcodes were then corrected and filtered against the 10X-v3 cell barcode whitelist. Total gene

level counts were calculated by aggregating both spliced/unspliced counts.

Knockdown Demultiplexing

A Kkallisto index was generated for the sgRNA library with a k-mer size of 15. The sgRNA
enrichment PCR sequences were then pseudo-aligned to this index using kallisto-bustools .
After pseudo-alignment, barcodes were corrected and filtered against the 10X-v3 cell barcode
whitelist. Cells were then assigned to guides using geomux (https:/github.com/
noamteyssier/geomux), which performs a hypergeometric test for each cell on its observed guide
counts, then calculates a log2-odds ratio between the highest counts. Cells were assigned to their
majority guide if their Benjamini-Hochberg corrected P-value was below 0.05, the log-odds ratio

was above 1, and the total number of UMIs were greater than 5.
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CROPseq - Single Cell Analysis

Preprocessing

Cells were merged for the 10X sequence and the enrichment PCR by matching on cell-barcode
and GEM library. Cells were filtered to only include those with a minimum count of 1000. 3000 of
the most highly variable genes were selected with a minimum shared count of 20. Cells were then
normalized to a target sum of 1000 and log transformed. Principal component analysis was then
performed using these highly variable genes. These components were then batch corrected using
the time point of the cells using Harmony *. Nearest neighbors were then calculated using the
top 30 principal components, selecting the 30 nearest neighbors. Clustering was performed using
the Leiden algorithm, setting the resolution to 0.5 °¢. A cluster of fibroblast-like cells were then
removed from the analysis (filtered by their Leiden cluster ID). All single-cell filtering,

transformation, and dimensionality reduction was performed using scanpy .

RNA-Velocity

RNA-velocity analysis was performed using scvelo®. Each cell's nearest neighbors were
calculated using the top 30 principal components and used their closest 30 neighbors. The
moments were then computed using the top 30 principal components and the closest 30
neighbors. The dynamics of the system were then recovered, and the velocity analysis was

performed using the stochastic mode in scvelo. The velocity graph was then computed.

Velocity Pseudotime

The velocity pseudotime analysis was performed by first identifying probable initial and terminal
states. These states, and their corresponding cells, were determined using CellRank ° - setting
the cluster key to the Leiden cluster ID. The highest likelihood initial cell and the highest likelihood
terminal cell were then used as the root and end key respectively for the velocity pseudotime

function within scvelo.
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Cluster mapping using scRNA-seq data from primary human cortical tissues

To see how the transcriptomic profiles of the cells in the CROP-Seq we calculated a cluster score
for each of our cells against the transcriptomes of clusters identified from a dataset of single cell
RNA sequencing of human prenatal cortical samples of neurotypical individuals spanning post-
conceptional weeks 16-24 and a dataset of single-cell sSRNA sequencing spanning post-
conceptional weeks 5.85-37. We calculated a cluster score by identifying the marker genes for
each of the clusters identified in these datasets and then measuring the average expression those
genes subtracted with the average expression of a reference set of genes (the reference set being
a set of randomly selected from all genes and stratified by expression bins). This was done using
the scanpy ‘scanpy.tl.score_genes’ function and is a reproduction of the approach taken by Satija

et al. 2015%97,

Differential Pseudotime

Every cell in the dataset has an associated sgRNA knockdown and pseudotime, so a distribution
of pseudotime values was created by grouping all cells by their associated sgRNA. The
distribution of each knockdown sgRNA was then compared to the distribution of the non-targeting
control sgRNAs via a Kolmogorov-Smirnoff test (ks-test). The associated p-values for the KS-
tests were then corrected for multiple hypothesis testing using the Benjamini-Hochberg step-up
correction. Significant tests were selected by selecting sgRNAs with an adjusted p-value lower

than 0.05.

Differential Expression Analysis

Differential expression analysis was performed using different filtering criteria than the single-cell
analysis mentioned above. Cells were filtered using a minimum count of 3000 and genes were
filtered to those that had a minimum shared count of 10. The fibroblast-like cells were then

removed (identified using the previous methodology). These cells were then grouped by
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knockdown, timepoint, and GEM-library using ADPBulk (https://github.com/

noamteyssier/adpbulk). Differential expression tests were performed using DESeq2%® comparing

each sgRNA knockdown against the non-targeting control sgRNA knockdowns.

Cluster overrepresentation analysis

We calculated Leiden cluster overrepresentation for each guide using a chi-square test for each
guide/cluster in the dataset. Specifically, a chi-square test is performed for each knockdown group
and Leiden cluster between each group distribution and each non-targeting control distribution.
The p-values from this are then aggregated over the non-targeting controls using a geometric
mean. Finally these p-values are adjusted for multiple hypothesis testing using a Benjamini
Hochberg correction. We performed this analysis using the open-source python module cshift

(https://github.com/noamteyssier/cshift)

Knockdown Clustering Analysis and Gene Set Enrichment

A subset list of knockdowns was created using those that were significant from differential
pseudotime analysis. A subset list of differentially expressed genes was then created using the
union of genes differentially expressed in each of the knockdowns. Pairwise spearman correlation
was then computed for all knockdown pairs using their log2 fold changes for the joint set of
differentially expressed genes. The dendrograms were computed using a complete linkage,
cosine metric, hierarchical clustering method on the pairwise correlation matrix. Gene set
enrichment analysis was performed using Enrichr®® and visualized using IDEA

(https://github.com/noamteyssier/idea).

Comparison to external datasets
We compared differentially expressed genes from the ASD-CROPSeq dataset to external

datasets using a one-sided (greater) Fisher's exact test using all the tested differentially
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expressed genes as a background (n = 17,542). Odds ratios are calculated from the contingency
tables and confidence intervals bounds (0.95) are calculated via the odds_ratio and
confidence_interval functions in Scipy. ASD-CROPSeq differentially expressed genes were
selected using an FDR < 0.05 (n = 3,175). The n = 286 set was calculated by selecting all genes
that were significantly differentially expressed in the same direction within either the ASD4c/ASDac
group but inversely expressed in the ASDgc/acASD.. group (i.e. upregulated in one and
downregulated in the other or vice versa). hcASD genes from Fu et al., Zhou et al., and Trost et
al. were selected based on a cutoff of FDR < 0.1. O’Neill et al. proteins were selected based on

a threshold of p value < 0.05.

CFSE proliferation assay

NPCs were stained with CFSE dye from the CellTrace CFSE proliferation kit (ThermoFisher
Scientific, Cat# C34554) according to the manufacturer's protocol. Stained NPCs were plated in
3 separate wells per line at day 0 and grown for 4 days. From day 0 to day 4, cells were collected
daily and stained with live/dead fluorescent dye before being fixed with 4% PFA. The fluorescent
intensity of CFSE was measured for all samples by flow cytometry. The geometric mean of the

CFSE peak was taken to calculate relative proliferation rate for each sample.

Flow cytometry

EdU labeling for cell cycle analysis

Cells were incubated in NPC media containing 10uM EdU for 1hr. Labeled cells were detached
with either Accutase for NPCs or Papain for neurons. EAU was stained using Click-iT™ Plus EdU

Alexa Fluor™ 488 Flow Cytometry Assay Kit (Thermofisher Scientific, Cat#C10633).
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Intracellular stain

For intracellular staining of transcription factors during NPC characterization, cells were fixed and
permeabilized with eBioscience FOXP3/Transcription factor staining buffer set (Thermofisher
Scientific, Cat#00-5523-00). Cells were analyzed using BD LSR-Fortessa flow cytometer and data

was analyzed using FlowJo software. A list of primary antibodies were provided in Table S5.

Immunocytochemistry

Cells grown on coverslips were fixed with 4% paraformaldehyde for 10 min at room temperature
(RT) and permeabilized with 1 x PBS solution containing 0.2% Triton X-100 for 10min. Cells were
blocked in 1x PBS + 0.1% Triton X-100 solution containing 5% normal donkey serum for 30 min
at RT. Primary antibodies were diluted in the blocking buffer and incubated with cells at 4°C
overnight. Fluorophore conjugated secondary antibodies were diluted in blocking buffer and
incubated with cells at RT for 1hr. DAPI was used for nuclear counterstains. Stained cells were
mounted using Prolong™ Glass Antifade Mountant (Thermofisher Scientific, Cat#P36982) and
stored at 4°C. Cells were imaged using Leica SP8 laser scanning confocal microscope and raw
images were processed and analyzed using FIJI and CellProfiler. A list of primary antibodies were

provided in Table S5.

Quantitative PCR

Total RNAs were extracted from cells using RNeasy Mini Kit (Qiagen, Cat#74106) and were
converted into cDNA using SUPERSCRIPT IV VILO MASTERMIX (Thermofisher Scientific,
Cat#11756050). Quantitative real-time PCR was performed using Applied Biosystems PowerUp
SYBR Green Master Mix (Fisher Scientific, Cat#A25742) on QuantStudio6 real-time PCR system.

A list of primers were provided in Table S5.
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Bulk transcriptome profiling and analysis

Duplicate total RNA samples were collected for each condition. cDNA converted from ~10 ng total
RNA per sample was diluted in water to make a final volume of 15ul. cDNA samples were then
added into wells of lonCode 96 Well PCR plate. lon AmpliSeq transcriptome human gene
expression panel (Thermofisher Scientific, Cat#A31446) was added to the Reagents cartridge.
We used the lon Chef System for automated library preparations with the lon 540 kit
(Thermofisher Scientific, Cat#A30011). Pooled barcoded libraries were subsequently loaded into
the lon GeneStudio S5 sequencer for high throughput sequencing to obtain 60-80 million reads

per run.

Diffusion State Distance (DSD) network proximity

An ASD protein-protein interaction network (ASD-PPI) was previously generated by individually
overexpressing 100 Strep-tagged hcASD genes (as “bait” proteins) in HEK293T cells in biological
triplicates and identifying “interactor” proteins by affinity purification followed by mass
spectrometry 48 hours after transfection®. We defined 8 subclusters within ASD-PPI by defining
sets of hcASD bait that were more closely connected in protein interaction space. Clustering of
the baits was based on network distances calculated by combining the PPI network, all edges
weight = 1, with a subnetwork of STRING, and computing the Diffusion State Distance (DSD)
with flags "-c -s 20""%°. DSD evaluates inter-gene network distance based on differences of
diffusion by random walks from the two genes, and was a major portion of the best overall method

for network module detection in Choobdar et al’®

. A subset of the DSD distance matrix containing
only baits was used as input to the R function hclust with agglomeration method set to "ward.D2".
The resultant hierarchical clustering was divided into modules by the function cutreeHybrid in R

package dynamicTreeCut (version 1.63-1) with parameters minClusterSize = 7, deepSplit = 2,

method = 'hybrid".

49


https://paperpile.com/c/UjPqyG/TUaW
https://paperpile.com/c/UjPqyG/jNKv+TUaW
https://paperpile.com/c/UjPqyG/msd7

Figures

Figure 1
sgRNA library
OC e Assess
OC . s
C A Time-course CROPseqat ./, Differentiation
day 0, day 2, day 4 of N P i .
¢ differentiation S [[iaisctony Identify convergent
I { : genes, cell states, and
Perturb 87 SONN Identify biological processes
hcASD e = Differentially
risk genes ’ Expressed
iPSC NPCs NPCs Developing neurons Genes
(dCas9-KRAB) (perturbed) (perturbed)

Figure 1.1 - Study Overview: We modeled the impact of hcASD gene perturbations on cortical
neurogenesis in vitro, starting with iPSC-derived neural progenitor cells (NPCs). Briefly, we
performed a time-course pooled CRISPR interference (CRISPRi) assay coupled with single cell
RNA sequencing (CROP-Seq) during the early stages of NPC differentiation to cortical excitatory
neurons. We repressed 87 different high confidence ASD risk genes (one per cell) and then
utilized single cell RNA sequencing to identify abnormal differentiation trajectories as well as
differentially expressed genes. We then conducted follow-up experiments to explore and validate
predicted differences in cell cycle, proliferation, and differentiation.
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Figure 1.2 - Overview of the iPSC-derived 2D model system of cortical excitatory
neurogenesis (A) Overview of the timelines and protocols we developed for deriving forebrain
neural progenitor cells (NPCs) from human induced pluripotent stem cells (iPSCs) as well as for
expanding and differentiating these NPCs to immature deep layer excitatory neuron-like cells. We
adapted our protocol from a previously developed small molecule based protocol for generating
excitatory neurons directly from iPSCs®®. (B) The NPCs derived by this protocol co-stain for
markers of dorsal forebrain NPCs via immunocytochemistry (PAX6, SOX2, FOXG1, and NES).
(C) Transcript levels of NPC and excitatory neuronal differentiation markers change dynamically
during the first 4 days of differentiation, as measured by qPCR. Markers of more mature excitatory
neurons are stably expressed by day 7 of differentiation (e.g. VGLUT1, TBR1). (D) Immature
neurons express markers of deep layer cortical neurons by day 4 of differentiation, as assessed
by immunocytochemistry against the pan-neuronal marker TUBB3 and the deep-layer marker
TBR1. See Figure S1 for related content.
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Figure 1.3 - High confidence ASD genes impact the differentiation of neural progenitor
cells (A) UMAP plot of control cells (with non-targeting sgRNAs) from all three timepoints of
differentiation, overlaid with RNA-velocity trajectories. (B-C) Expression levels of TOP2A
(proliferation marker) and DCX (neural differentiation marker) in control cells, overlaid on the
same UMAP as in (A). (D) Velocity pseudotime estimates for control cells, overlaid on the same
UMAP as in (A). (E) Annotation of four “macro” cell clusters, identified in part by patterns in A-D
and in Figure S2. (F) False discovery rates for hcASD gene knockdown effect on cumulative
pseudotime distribution, based on comparison to the cumulative distribution of control cells with
non-targeting sgRNAs. Knockdown of 17 genes results in a significant deviation from control cells
(so-called ASD pseudotime or ASD,s genes). The 7 genes that result in a “deceleration” of
differentiation when knocked down are labeled in green (ASDqc) and the 10 genes that result in
an “acceleration” of differentiation when knocked down are labeled in red (ASD4c). See Figure S2
for related content.
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Figure 1.4 - ASDq4. and ASD.. gene knockdowns impact cell cycle, proliferation, and
differentiation (A) Heatmap of cell cycle phase occupancies in G1 and S+G2/M of ASDy; cells,
expressed as a log2 fold-change over control cells, for non-differentiating NPCs and day 2
Neurons. ASD,. genes are denoted with red text, ASDq. cells are denoted with green text. Red
cells denote overrepresentation and blue cells denote underrepresentation. (B) Proliferation
analysis using fluorescent CFSE stains comparing ASD,s knockdown NPCs with non-targeting
control NPCs, under proliferating conditions. (C) Expression of proliferation marker TOP2A during
differentiation for selected ASDqc/ac genes. (D-E) Expression of differentiation markers TBR1 (E)
and TUBB3 (F) for selected ASDqcac genes on day 4. Asterisks denote level of significance, after
applying the Dunnet test to raw p-values: *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001, ****FDR
< 0.0001. See Figure S3 for related content.
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Figure 1.5 - hcASD Gene Knockdowns Converge on a subpopulation of Cycling cells

(A) Cluster representation analysis of hcASD knockdowns reveals contrasting patterns for ASDgc
and ASD.. genes, yet a general pattern of overrepresentation in the “Cycling 2” cluster. ASDac
genes are denoted with red text, ASDqy cells are denoted with green text. Red denotes
overrepresentation and blue denotes underrepresentation. Significant overrepresentations are
indicated by an asterisk. (B) Mean fractional occupancy of all hcASD gene knockdowns across
each of the four macro cell clusters, compared to non-targeting controls. “Cycling 2” cells are
overrepresented for hcASD gene knockdowns compared to non-targeting controls (left side). This
overrepresentation remains even after excluding the 17 ASD,s genes with distinct pseudotime
phenotypes (right side). (C-D) Gene set enrichment analysis of genes upregulated in “Cycling 2”
cells, using GO Biological Process (C) and Molecular Function annotation categories (D),
displayed as IDEA plots where squares denote annotation term names and ellipses are member
genes. The top 10 significant terms are shown. Asterisks denote level of significance, after
applying the Benjamini-Hochberg procedure to raw p-values: *FDR < 0.05, **FDR < 0.01, ***FDR
< 0.001. See Figure S4 for related content.
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l.l Hierarchical clustering of DEGs (2527) across the 17 knockdowns
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Figure 1.6 - Disruption of ASD4. and ASD.. genes results in opposing transcriptional
signatures (A) Repression of ASD.c. and ASDgc genes results in distinct transcriptional profiles.
A total of 2,517 differentially expressed genes are present across the 17 ASDps genes.
Hierarchical clustering of the log2 fold change of each of these DEGs for each ASDys gene
knockdown stratifies ASDxc (red bar on left side) and ASDq4c. genes (green bar on left side). Red
cells denote upregulation (positive log2 fold-change) and blue cells denote downregulation
(negative log2 fold-change). (B-C) We identified 286 “Signature” genes that have consistently
opposite patterns of expression between the ASDy. and ASDac groups. The plot summarizes the
log2 fold-change for each DEG for each ASD,s knockdown, separated by ASD,. (red) versus
ASDygc (green), with the within-group median denoted by a horizontal line and the within-group
95% CI denoted by the error bars. Genes are sor- (Figure caption continued on the next page)
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(Figure caption continued from the previous page) -ted by Log2 fold-change in the ASDac group.
(D-E) Gene set enrichment analysis of the 286 signature genes using Biological Process (D) and
Molecular Function (E), visualized as IDEA plots where squares denote annotation term names
and ellipses are member genes. The top 10 (or less) significant terms are shown. Genes
upregulated in the ASDa.c. group and downregulated in the ASDq4. group are shown in green,
whereas genes downregulated in the ASDxc group and upregulated in the ASDgc group are shown
in red. See Figure S5 for related content.
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Figure 1.7 - CROP-Seq derived differentially expressed genes overlap with external
datasets (A) Differentially expressed genes (DEGs) are enriched for hcASD genes identified in
three recent whole-exome and/or whole-genome (Figure caption continued on the next page)
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(Figure caption continued from the previous page) sequencing analyses of rare variation in
ASD"%_(B) DEGs are enriched within cluster 6 of an ASD-bait PPI network®’ (one-sided Fisher’s
exact test with Bonferroni correction). (C) Cluster 6 of the ASD-PPI network is enriched for
molecular functions related to cadherin, actin, RNA, and microtubule binding. (D) DEGs are
enriched within centrosomal interactomes derived from neural progenitor cells and from neurons**
(one-sided Fisher's exact test with Bonferroni correction). (E) The full neuron centrosomal
interactome as well as its intersection with the full set of DEGs (n = 3,175) is enriched for
molecular functions related to RNA, microtubule/tubulin, cadherin, and actin binding. (F) Many
RNA-binding proteins are differentially expressed downstream of hcASD gene perturbations. The
heatmap displays experimentally validated RNA-binding proteins® that are differentially
expressed within the ASD-CROP-Seq dataset, categorized first by RNA-binding domain and then
by the number of occurrences of that domain in the protein (X-axis). The color of the cell
corresponds to the “signed” -log10 of the FDR for differential expression downstream of
perturbation of a specific hcASD gene (Y-axis), with purple indicating downregulation and green
indicating upregulation. ASD4c genes are denoted with red text and ASDyc genes are denoted with
green text. (G) A putative functional hierarchy, summarizing the relationship between the hcASD
CRISPRI genes from our study (blue squares) and their differentially regulated targets that belong
to the union of hcASD genes identified in three recent ASD gene discovery efforts (purple
circles)’*%8, Blue arrows indicate downregulation and red arrows indicate upregulation. ASDps
genes are bolded. Asterisks denote level of significance, after applying the Benjamini-Hochberg
procedure to raw p-values: *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001, ****FDR < 0.0001. See
Figure S6 for related content.
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Figure S1.1 - Characterization of gene expression and cell cycle phase occupancy in NPCs
and neurons (A) We quantified the protein (Figure caption continued on the next page)
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(Figure caption continued from the previous page) expression of SOX2, a neural progenitor cell
marker, and Ki67, a proliferation marker in NPCs. Percentage of SOX2 positive (SOX2+) cells
and Ki67 positive (Ki67+) cells were measured by flow cytometry. (B) During a 22-day neural
differentiation, transcript expression for neural progenitors, differentiation, layer-specific, and
proliferation markers were measured by bulk transcriptome profiling. Duplicate samples were
collected at day 0, day 7, day 14 and day 22 of differentiation. The mean of normalized counts
per million (cpm) for each gene from the duplicates was plotted.(C) In the same 22-day
differentiation experiment, the mean cpm across duplicates for each of the hcASD gene was
plotted at each timepoint. 99 out of the 102 hcASD genes had non-zero count measured by bulk
transcriptome profiling. (D) Pie charts show the quartile analysis of the 99 hcASD genes at day 0,
day 7, day 14 and day 22 of differentiation. (E) Cell cycle phase occupancy measured by flow
cytometry at d0, d2, and d4 differentiation of NPCs carrying a non-targeting control sgRNA. DNA
content was labeled with 7-AAD and S phase cells were labeled with EdU.
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Figure S2.1 - On-target knockdown efficiency of hcASD sgRNAs, pseudotime analysis and
cluster mapping of cells from the CROPseq experiment (A) Log2FC of 73 hcASD genes show
the on-target knockdown efficiencies. ¥denotes insignificant knockdown of the target gene and x
denotes the target gene expression is below the (Figure caption continued on the next page)
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(Figure caption continued from the previous page) detection threshold in our CROP-Seq
experiment. (B) Nine Leiden clusters were generated from all cells across 3 timepoints and RNA-
velocity analysis predicted differentiation trajectories. (C) Pseudotime analysis of all cells across
3 timepoints. (D) A comparison between the target gene knockdown levels (log2FC) of 15 out of
the 17 ASD,s genes and 66 out of the remaining 70 hcASD genes. Two-sided t-test was
performed. (E) A comparison between the FDRs (Satterstrom et al., 2020) of the 17 ASD,s genes
and the remaining of the 70 hcASD genes. Two-sided t-test was performed. (F) The cumulative
density of pseudotime for individual knockdowns showed unique trajectories of pseudotime and
how they deviated at specific points from the non-targeting controls (NTCs). Decreased
cumulative density from NTCs at earlier pseudotime indicates acceleration in pseudotime
(SUV420H1, KIAA0232) whereas increased cumulative density from NTCs at earlier pseudotime
indicates deceleration in pseudotime (AP2S1, NSD1). (G) Cluster mapping using scRNA-seq data
from prenatal cortical tissues' indicates that cells from our CROP-Seq experiment are mapped to
the developing excitatory lineage in the human cortex. Top panel: 9 leiden clusters identified in
our CROP-Seq experiment. Middle panel: mapping cells using cell type marker genes from an
external dataset. Bottom panel: mapping clusters using cell type marker genes from an external
dataset. (H) Cluster mapping using scRNA-seq data from developing human telencephalon?
suggests that cells from our CROP-Seq experiment exhibit features similar to various stages of
cells during differentiation of dividing intermediate progenitor cells (IPCs) toward excitatory
neurons in the prefrontal cortex. Top panel: 9 leiden clusters identified in our CROP-Seq
experiment. Middle panel: mapping cells using cell type marker genes from an external dataset.
Bottom panel: mapping clusters using cell type marker genes from an external dataset.

62


https://paperpile.com/c/7nyg7Q/TCNP
https://paperpile.com/c/7nyg7Q/dFNL

A B NPC diff_D2 neurons
(log2FC of percent) (log2FC of percent)

sgKIAA0232]  ww = s s "

SgNUP155 ] swer s s

Transcript knockdown by gPCR sgTCF20 =
sglLDB14 waag e e
2 8 ans
z o SgASXL3 waax -
w% T @ * 3 o SgGNAM . wese [ o - ,
i o i =
gL 1o E S R s : SaRFX3
52 I s & M . © sgSATBIH e — = T
=3 . pd [ R i SgSUVAZOHT ] aems - =
25057 & £ i = e i3 sgANKRD1 ] = = .
£ - - z ol -8
H o S S 52535 socressp] - == = B [
£ M
sgDYRK1A e ere -
c‘b'\.p?’ SO \‘3"@3’ R & Q'LQ o ,@\ +Q5 go'\ K& Q\"V +\V saTBLDRI] - N — = —
A A AR S N AN S IS
o}'ty\¢ O Q\vvégs\v & \:Ea S e"o‘?&éy&@o“ SgTRIP12  were -
e&v * ‘;3," 20? o %e& R MO SyADNP .
SENSD1]  weee e e -
sgAP2ST] e povss
o1 s o2 o1 s o2m
TUBB3 TBR1

NT-sgRNA
NT-sgRNA

CCP3 expression during differentiation

sgAP2S1

g
g2 sgNSD1
7 4 sgKIAAD232
~ 2 10
5 I gz 05 sgSUV420H1
(=] o
o g §2 00
< g 53 08
@ S & 0
@ E =1.
E 15
G 2.0
c
£

T T T
diff_day0 diff_day2 diff_day4

sgNSD1
sgSUV420H1

Figure $1.3 - Experimental validations of cellular phenotypes in NPCs and neurons with
ASD;,s gene knockdowns (A) Knockdown efficiencies of the 17 ASD,s gene sgRNAs were
evaluated in individually established NPC lines by gPCR. One sided t-test was performed. *p <
0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. (B) Heatmap displays log2FC of cell cycle phase
occupancies in G1, S, and G2/M of ASD,s gene knocked down cells over control cells for NPCs
and day 2 neurons. One-way ANOVA was performed. *Adjusted p < 0.05, **adjusted p < 0.01, ***
adjusted p < 0.001, **** adjusted p < 0.0001. (C) Representative images of immunocytochemistry
show expression of a pan-neuronal marker TUBB3 and a deep layer neuron marker TBR1 in day
4 neurons containing non-targeting control sgRNA (NT-sgRNA) and hcASD sgRNAs targeting
ASDqc gene AP2S1 and NSD1, and ASD.c genes KIAA0232 and SUV420H1. Experiments were
performed in two batches and fluorescence intensity of TUBB3 and TBR1 of hcASD gene knocked
down cells were compared to control cells in their own batch. Scale bar 30um. (D) Percentage of
cleaved caspase 3 positive (CCP3+) cells were quantified by flow cytometry for non-targeting
control cells and AP2S1, NSD1, KIAA0232 and SUV420H1 knocked down cells at day 0, day 2,
and day 4 of differentiation. Percentages of CCP3+ cells of hcASD gene knockdowns were
normalized to matched non-targeting control cells as log2FC.
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egulation Of Mitotic Metaphase/

B: Cycling 2 vs the others clusters

,f'—"’

il
i
i

mTORC1 Signaling {

@

GO Biological Process: Cycling 2 vs Cycling 1

Supramolecular Fiber Organization -

Neuron Development; ™. g -

n

nslation -
Expre - ®
Y, et e €D
R
Cytoplasmic Translation ® O
@
@

64



(Figure caption continued from the previous page) -downs that had at least one significant cluster
shift at either of the timepoints: global (cells from all three timepoints combined together; Figure
5A), day 0, day 2 or day 4 were included in each heatmap. (D) Heatmap shows change of sgRNA
counts by timepoint. Counts of non-targeting controls (NTCs) and hcASD sgRNAs at day 2 and
day 4 of differentiation were normalized to their counts at day O as fold change. The z-score of
fold change was plotted for each of the 87 hcASD sgRNAs compared to NTCs. (E) IDEA plot
shows the significantly enriched molecular signatures (MSigDB Hallmark, 2023) of the top 200
upregulated genes of Cycling 2 cluster versus the other three macro-clusters. (F) IDEA plot shows
the significantly enriched GO Biological Process terms of the top 200 upregulated genes of
Cycling 2 cluster versus Cycling 1 cluster. (G) IDEA plot shows the significantly enriched GO
Biological Process terms of the top 200 upregulated genes of the Cycling 2 cluster versus
Intermediate cluster. (H) Enrichment of HNRNPH1 in Cycling 2 cluster. Top panel: the 4 macro-
clusters we identified in the CROP-Seq experiment (Figure 3E). Bottom panel: visualization of
HNRNPH1 expression on the UMAP.
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Figure $1.5 - Differentially expressed gene analysis across hcASD gene knockdowns

(A) Bar plot shows the effect size for 73 hcASD gene knockdowns as the number of differentially
expressed genes (DEGs). Knockdown of the target gene itself is included in the counts. (B)
Distribution of the 3175 DEGs across all 87 hcASD gene knockdowns. Total occurrence
represents the number of knockdowns a DEG belongs to. (C) A comparison between the number
of DEGs of the 17 ASDys genes and the rest of the 70 hcASD genes. Two-sided wilcoxon rank
sum test ****p value < 0.0001. (D) Distribution of the (Figure caption continued on the next page)
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(Figure caption continued from the previous page) 2527 DEGs across the 17 ASD,s gene
knockdowns. Total occurrence represents the number of knockdowns a DEG belongs to. (E)
Pairwise comparison of log2FC of the 2527 DEGs across the 17 ASD,s genes. Colored boxes of
the dendrogram on the left indicate ASDa4c (red) and ASDq: genes (green). (F) IDEA plot shows
significantly enriched molecular signatures of the 286 DEGs using MSigDB Hallmark (2023).
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Figure S1.6 - Convergent differential expression profiles of RNA binding proteins (A)
Overview of methodology to identify clusters within ASD-PPI that are more densely
interconnected. (B) ASD-PPI divides into 8 clusters. (Figure caption continued on the next page)
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(Figure caption continued from the previous page) (C) CRISPRi knockdown of hcASD genes
reveals targeted effects on individual hnRNP family members. hnRNP genes were grouped by
family on the X-axis. The color of the cell corresponds to the “signed” -log10 of the FDR for
differential expression downstream of perturbation of a specific hcASD gene (Y-axis), with purple
indicating downregulation and green indicating upregulation. (D) Functional network analysis of
hcASD knockdowns highlights regulated HNRNP targets and their direction of change.
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CHAPTER 2

Summary

Autism spectrum disorder (ASD) commonly co-occurs with congenital heart disease (CHD), but
the molecular mechanisms underlying this comorbidity remain unknown. Given that children with
CHD come to clinical attention by the newborn period, understanding which CHD variants carry
ASD risk could provide an opportunity to identify and treat individuals at high risk for developing
ASD far before the typical age of diagnosis. Therefore, it is critical to delineate the subset of CHD
genes most likely to increase the risk of ASD. However, to date there is relatively limited overlap
between high confidence ASD and CHD genes, suggesting that alternative strategies for
prioritizing CHD genes are necessary. Recent studies have shown that ASD gene perturbations
commonly dysregulate neural progenitor cell (NPC) biology. Thus, we hypothesized that CHD
genes that disrupt neurogenesis are more likely to carry risk for ASD. Hence, we performed an in
vitro pooled CRISPR interference (CRISPRI) screen to identify CHD genes that disrupt NPC
biology similarly to ASD genes. Overall, we identified 45 CHD genes that strongly impact
proliferation and/or survival of NPCs. Moreover, we observed that a cluster of physically
interacting ASD and CHD genes are enriched for ciliary biology. Studying seven of these genes
with evidence of shared risk (CEP290, CHD4, KMT2E, NSD1, OFD1, RFX3, TAOK1), we observe
that perturbation significantly impacts primary cilia formation in vitro. While in vivo investigation of
TAOKT reveals a previously unappreciated role for the gene in motile cilia formation and heart
development, supporting its prediction as a CHD risk gene. Together, our findings highlight a set
of CHD risk genes that may carry risk for ASD and underscore the role of cilia in shared ASD and

CHD biology.
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Introduction

Autism spectrum disorders (ASD) are complex neurodevelopmental conditions that commonly co-
occur with congenital heart disease (CHD)"?. For example, a CHD diagnosis increases the
likelihood of an ASD diagnosis approximately 2-fold*. Both ASD and CHD are highly heritable and
share genetic risk*® and genes impacted by rare likely gene disrupting variants in both conditions
are 15-fold more likely to be annotated as chromatin modifiers®. Our group, using joint network
propagation of ASD and CHD genes, previously identified significant overlap of associated
molecular networks, and pinpointed chromatin modification, NOTCH signaling, MAPK signaling,
and ion transport as potential areas of shared biology'?. Taken together, there is strong evidence
that ASD and CHD likely share common biology, yet the relevant molecular mechanisms that

underlie comorbidity remain unclear.

Because CHD is generally identified by the newborn stage, the co-morbidity between CHD and
ASD affords a potentially critical opportunity to ascertain ASD patients, conduct observational
studies, and begin therapeutic interventions far sooner than typically possible**’. This strategy
will be most effective if CHD patients can be stratified by risk of developing ASD, yet we do not
currently have the ability to do this, due to the relatively limited overlap between high confidence
genes identified in rare-variant based whole exome sequencing studies of ASD and of CHD®®.
Therefore, we employed a multiplexed in vitro genetic perturbation screen to prioritize CHD genes

likely to increase the risk of ASD.

In vivo and in vitro studies have repeatedly identified neural progenitor cell (NPC) proliferation as
a convergent phenotype in ASD''"°. We hypothesized that the subset of CHD genes that disrupt
neurogenesis will likely carry risk for ASD. Therefore, we performed a multiplexed CRISPR

interference (CRISPRI) proliferation and survival screen® in human NPCs, targeting ASD and
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CHD genes. Overall, we identified 45 CHD genes that strongly impact NPC biology, as well as a
cluster of ASD and CHD genes that impact NPC proliferation and are putatively involved in ciliary
biology. Within this cluster, we showed that all seven genes predicted to share risk for both ASD
and CHD (CEP290, CHD4, KMT2E, NSD1, OFD1, RFX3, TAOKT1) are required for primary cilia
biology in human cells in vitro. We also demonstrated that loss of TAOK1 impairs motile cilia, as
well as heart and brain development in vivo in Xenopus. Together, these results outline a set of
CHD genes likely to carry risk for ASD and suggest a role for cilia at the intersection of ASD and

CHD shared biology. A finding consistent with recent results implicating tubulin biology in ASD

11,12
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Results

Pooled proliferation/survival screen of ASD and CHD genes in NPCs

Previous research has shown that ASD risk gene variants commonly perturb NPC biology''~@.
Therefore we leveraged a bulk CRISPRI screening approach? to determine whether some CHD
genes also impact the survival and/or proliferation of NPCs. We generated a pooled lentiviral
sgRNA library targeting 62 high-confidence ASD genes, 195 CHD genes, and 104 ‘ASD-CHD’
shared risk genes, using at least 5 sgRNAs per gene (361 total genes, Figure 1A, see Methods).
We also included 255 distinct non-targeting control sgRNAs in our library. Next, we generated
NPCs from the Allen Institute for Cell Science (AICS) dCAS9 iPSC line, which enables stable
CRISPRI in iPSC-derived neuronal lines'"?°. We transduced these NPCs with the pooled lentiviral
sgRNA library and then passaged them for 20 days. We collected cells at day 0, 5, 10, and 20,
and determined the number of cells expressing each sgRNA at each timepoint by sequencing the

sgRNA protospacer, which is the unique sequence that targets the sgRNA to a specific gene or

identifies the non-targeting control sgRNAs (Figure 1B).

We used the MAGeCK bioinformatics pipeline®®?' to compare sgRNA representation at each
timepoint versus day 0 and calculate gene-level fold-changes and false discovery rates (FDRs)
as per the methods in Tian et al. (2019). Overall, we identified 24 ASD, 77 CHD, and 44 ASD-
CHD genes that impact survival and/or proliferation of NPCs positively or negatively when
disrupted (FDR < 0.1, 145 total genes, Figure 1C, Table S1), supporting our hypothesis that a

subset of CHD genes will disrupt neurogenesis.
Enrichment of ciliary biology among ASD and CHD genes
To subset the 145 significant genes into groups that potentially represent congruent biological

processes, we focused on the 54 genes (9 ASD, 28 CHD, 17 ASD-CHD) with a fold-change in
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guide representation greater than 1.5x at one or more timepoints (log2FC = 0.585, Table S2) and
performed k-means clustering (Figure 2A). While there are two obvious clusters (enriched vs.
depleted sgRNAs), we estimated an ideal cluster number of four using the elbow plot method
(Figure S1). We observed that all clusters contained ASD, CHD, and ASD-CHD genes,
suggesting that ASD and CHD genes converge onto in vitro “neurogenesis” phenotypes with
similar trajectories. We next aimed to identify the subset of clusters with more connections
between genes than predicted by chance, which would suggest an underlying shared biology. To
do this, we queried StringDB, a database of known and predicted physical and functional
interactions?. This analysis identified Cluster 1 as containing the only gene set with a significant
enrichment of interactions contained in the full StringDB network as well as of protein-protein

interactions only (Figure 2B-C, S2).

To identify potential biological pathways or processes underlying Cluster 1, we utilized
ToppGene?® to perform gene ontology enrichment analysis of the Cluster 1 genes, using either
the standard background set of genes or, more stringently, only the 361 genes screened here as
background. We observe significant enrichment of only eight Biological Process terms across
both backgrounds (Benjamini-Hochberg FDR < 0.05, Figure 2D), with three of the four highest
fold-enrichments related to cilia, microtubule-based hair-like organelles critical for proliferation,

patterning, signaling, and survival**2°.

Neural-tube patterning”, a process reliant on cilia, rounds
out the top four most strongly enriched terms®’. We similarly observed significant enrichment of
eight Cellular Component terms, with all eight terms relating to cilia and microtubule biology
(Table S3). These results suggest that genes in Cluster 1, when perturbed, could impact cilia,

t27-3° Finally, while overrepresented

leading to changes in both brain and heart developmen
sgRNAs as a group are enriched for cilia-related genes, this enrichment is predominantly driven
by Cluster 1 genes (Cluster 2 genes alone are not significantly enriched for any cilia-related gene

sets and fold-enrichments for significant GO terms are lower when combining Cluster 1 and 2).
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ASD-CHD shared genes are required for ciliary biology

Based on the enrichment of Cluster 1 genes for GO terms related to ciliary biology, we next
directly tested whether individual disruption of a subset of these genes results in cilia defects.
More specifically, we selected the seven ASD-CHD shared risk genes (CEP290, CHD4, KMTZ2E,
NSD1, OFD1, RFX3, TAOKT), as these genes are most likely to represent shared biology. Of
these genes, four (CEP290, CHD4, OFD1, and RFX3) have previously described roles in ciliary
biology®'~*®. In contrast, the remaining three (KMT2E, NSD1, and TAOK1) have not been directly
implicated in ciliary biology. That being said, KMT2E and TAOKT1 are known to regulate

microtubules®”8, the main cytoskeletal component of cilia.

To determine the extent to which these ASD-CHD shared risk genes play a role in ciliary biology,
we individually disrupted expression of the ASD-CHD genes listed above using CRISPRI in
mitotically-arrested retinal pigment epithelial cells (RPE1), a robust in vitro model for evaluating
primary cilia dynamics®. All seven genes are expressed in these cells, and we confirmed strong
CRISPRI knock-downs by qPCR (Figure S3A). We first examined the percentage of ciliated cells
and observed that repression of each of these seven ASD-CHD genes resulted in significant
decreases in the percentage of ciliated cells when compared to two independent, non-targeting
control knock-downs (Figure 3A-B, S3B, S4A). As an orthogonal assay of cilia disruption, we
assessed whether individual repression of these genes impacted cilia length in mitotically arrested
cells. Length measurements provide insight into both stability and functionality of cilia, which rely
on length changes for various cellular processes, such as cell cycle regulation®**°. Apart from
CHDA4, repression of each of the genes resulted in decreased cilia length (Figure 3C-D, S3C,
S4B). Taken together, these data provide strong evidence that all seven of these shared ASD-

CHD genes intersect ciliary biology.
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Next, to more directly assess whether cilia function during brain development may be
compromised, we selected three of these genes (CEP290, KMT2E, and TAOK1) for experiments
in human iPSC-derived NPCs. These genes represent different degrees of evidence for ciliary
relevance and ASD/CHD association. CEP290 is a well-characterized CHD gene® present in the
SFARI list of ASD genes (Category 2S) with a known role in ciliary biology as a component of the

313241 " In contrast,

ciliary basal body, the modified centrosome that organizes cilia formation
TAOK1 and KMT2E are ASD genes®* with predicted risk for CHD based on network
propagation’, but have no known role at the cilium. As in RPE1 cells, we assessed the
percentage of ciliated cells as well as cilia length and observed significant alterations of both after
knock-down of each of these three genes (Figure 3E-F, S4C-D). Within intact cilia, we also
observed a decrease in the intensity of the cilia marker ARL13B for CEP290 and TAOK1 knock-
down cells (Figure 3G, S4E), suggesting that these genes may impact ARL13B expression and/or

localization at the cilium. Together, these results demonstrate that these ASD-CHD shared risk

genes are required for primary cilia biology in both NPCs and RPE1 cells.

TAOK1 depletion disrupts brain and heart development in vivo
While TAOK1 is a high-confidence ASD gene®*, its association with CHD has only been
predicted by network propagation'. Therefore, we sought to elaborate its role in vivo in heart

development and on motile cilia, which have repeatedly been implicated in CHD pathology*>#*.

First, we expressed GFP-tagged human TAOK1 in Xenopus laevis motile multiciliate cells and
observed localization at ciliary basal bodies and axonemes, consistent with a potential function at
motile cilia (Figure S5A). Then we depleted taok1 in the multiciliate epidermis of diploid Xenopus
tropicalis embryos using a translation-blocking morpholino (Figure 4A) and classified multiciliate
cells based on the extent of cilia loss. In Taok1-depleted embryos, we observed that 98% of

ciliated cells had a moderate to severe phenotype, which is significantly greater than the 19%
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observed in the control embryos injected with a non-targeting morpholino (Figure 4B-C). We
observed the strongest effect size when comparing the rate of cells with a severe phenotype
(severe versus no phenotype odds ratio = 338.7, p < 0.0001 by two-sided Fisher’'s exact test,
moderate versus no phenotype odds ratio = 135.0, p < 0.0001). Our results thus demonstrate that

TAOKT1 is not only critical for primary cilia in vitro, but also for motile cilia in vivo.

Next, we tested whether disruption of taok? leads to brain and heart developmental phenotypes
in vivo. For the brain, we created unilaterally taok 7-depleted tadpoles by morpholino injection into
one cell of two-cell stage X. tropicalis embryos (Figure 4D) and phenotyped tadpoles for variation
in forebrain size relative to the uninjected side, as previously described for many ASD

10134546~ Taok1 depletion significantly decreased telencephalon size compared to the

genes
control standard morpholino injection (Figure 4E-F), a previously-characterized convergent
phenotype of ASD gene disruption'#’=*°_ For heart phenotyping, we created bilaterally depleted
embryos by morpholino injection into both blastomeres at the two-cell stage (Figure 4D), and
assessed tadpole hearts for structural abnormalities as previously described for CHD risk genes
in Xenopus'®®*5!. We observed a decrease in heart ventricle size in taok1-depleted tadpoles
relative to animals injected with a control standard morpholino (Figure 4E-G). These results
suggest that TAOKT is required for heart development, reinforcing the putative role in ciliary
biology hypothesized here, as cilia defects underlie many CHDs®?8434452-55 - Additionally, we
identified several patients with TAOK7 de novo variants in the DECIPHER database that present
with both ASD and structural congenital heart abnormalities®®, consistent with the possibility that
TAOKT1 is in fact a shared risk gene, as predicted by'®. Together, our work demonstrates that

TAOKT is required for primary and motile cilia, heart development, and brain development in

Xenopus, and supports its classification as a bona fide risk gene for both CHD and ASD.
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Discussion

In conclusion, we identified ASD, CHD, and predicted shared risk genes that impact human neural
progenitor cell proliferation and/or survival, thereby prioritizing a subset of CHD genes that may
carry risk for ASD. Furthermore, we presented both in vitro and in vivo evidence implicating cilia
biology at the intersection of ASD and CHD genetics. More specifically, we identified 24 ASD, 77
CHD, and 44 ASD-CHD genes that perturb NPC biology. In a subset of these genes, we observed
significant enrichment of GO terms related to ciliary biology. We validated this finding, showing
that repression of seven ASD-CHD predicted shared risk genes individually (CEP290, CHD4,
KMT2E, NSD1, OFD1, RFX3, TAOK1) all led to primary cilia defects in vitro in human cells.
Finally, we identified an additional role for TAOK7 in motile cilia as well as heart and brain
development in vivo in Xenopus, supporting the prediction that it carries risk for CHD. These
findings are consistent with recent work identifying TAOK1 as a predicted regulator of TTBK2, a

known ciliary regulator *"%8,

Building on prior studies identifying enrichment in chromatin regulation, NOTCH signaling, and
MAPK signaling for genes with shared risk for ASD and CHD®'%24%3 our study adds ciliary biology
as a point of vulnerability intersecting these disorders. Ciliary underpinnings in CHD have been
well-established®?8434452-%5 " hyt their implications for our understanding of ASD are less

3645465961 Thig work, combined

commonly appreciated despite some evidence in the literature
with our group’s recent work showing that ASD-associated chromatin regulators also regulate
microtubules®, sheds new light on the previous identification of shared ASD-CHD biology around
chromatin regulation. It is possible that the finding of shared ontology around chromatin regulation

may represent signals related to microtubule biology, and, therefore, ciliary biology since

microtubules are the major structural component of cilia. Other recent work from our group also
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shows broader convergence of ASD genes onto microtubule biology'', suggesting this ciliary

finding may be more broadly applicable to ASD mechanisms beyond just comorbidity with CHD.

Cilia have diverse cellular functions, including regulating cell proliferation, differentiation, and even

256365 Conversely, defects in cell proliferation can affect cilia formation®®,

neuronal excitability
obscuring which process was primarily affected in our NPC screen. However, we also showed
that these knock-downs caused alterations in cilia length in mitotically-arrested cells, supporting
a direct role at cilia. Nevertheless, general defects in microtubule stability will affect both cell
proliferation/survival via the mitotic spindle and cilia formation and length, so it's unclear which of
these processes are central to the phenotypes observed here (and in patients). These effects are
also commonly dose-dependent. Therefore future work could be focused to untangle these
processes, for example in post-mitotic cells, and with respect to gene dosage, using weaker gene
repression than we used here. Cilia are also the sole cellular site of sonic hedgehog (SHH)
signaling®”, so the effect of ASD/CHD gene perturbation on the associated process of
differentiation and the associated signaling cascades during heart and brain development is an
exciting future direction. Finally, cilia have cell type-specific functions, so it will be important for

future work to explore how these genes affect cilia formation and function in a cell type-dependent

manner.

Overall, our research generates insights into the shared biology underlying ASD and CHD,

suggests a class of genes that are likely to carry risk for both conditions, and provides a path

forward for investigating known and predicted risk genes during heart and brain development.
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Materials and Methods

Human cell culture

Human iPSCs: Allen Institute for Cell Science (AICS) BFP-tagged dCas9-KRAB WTC iPSC line
(AICS-0090-391, MONO-ALLELIC TagBFP-TAGGED dCas9-KRAB WTC) were cultured in
MTESR Plus Medium (Stem Cell Technologies; Cat. No. 05825) on Matrigel (Fisher Scientific;
Cat. No. 08-774-552) coated Cell Culture Dishes (Corning; Cat. No. 08-774-552) diluted in DMEM
F12 (Fisher Scientific; Cat. No. 11320-082). mTESR Plus Medium was replaced every day and
cells (70-90% confluent) were passaged using Accutase (Stem Cell Technologies; Cat. No.
07920), then re-plated in mMTESR Plus Medium with the addition of 10nM Y-27632 dihydrochloride

ROCK inhibitor (Tocris; Cat. No. 125410) for 24 hr.

Human iPSC-Derived Neural Progenitor Cells (NPCs): We generated neural progenitor cells
(NPCs) from the AICs dCAS9 iPSC line using a modified version of a monolayer dual-SMAD
inhibition protocol combined with small molecules, producing >98% PAX6+ cells ''. Briefly, we
treated cells with LDN193189, SB431542, and XAV939 for 6 days. The cells were then passaged
and cultured with XAV939 alone for 2 more days to generate NPCs. NPCs were then maintained
in N2/B27 medium (DMEM F-12, 1x B27 -Vit.A, 1x N2, 1x GlutaMAX, 1x MEM-NEAA, 10ng/ml
EGF, 10ng/ml FGF2). The medium was changed every other day and cells were passaged at

~90% confluence using Accutase.

Human RPE1/LentiX-293T: Immortalized hTERT dCas9 RPE1% cells were cultured in DMEM
F12 (Thermo Fisher Scientific; Cat. No. 11320-082) supplemented with 10% FBS on Corning cell
culture dishes. LentiX-293T cells were cultured in DMEM (Fisher Scientific; Cat. no. 10-566-024)
supplemented with 1x MEM-NEAA, and 10% FBS. Both RPE1s and 293Ts were passaged using

0.25% trypsin-EDTA.
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Pooled Proliferation/Survival Screen

Guides were designed using the CRISPRiaDesign tool (https://github.com/mhorlbeck/

CRISPRiaDesign;®°. We selected 100 high-confidence ASD-risk® and 248 CHD-risk® genes from

studies that have leveraged the statistical power of recurrent rare de novo variants in ASD
probands. We also identified 104 shared risk ‘ASD-CHD’ genes defined by having at least one of
the following characteristics: (1) are present in both ASD and CHD gene lists®®, (2) are CHD
genes® found in the SFARI Gene Database (Gene score: 1-2, Syndromic), or (3) were predicted
to share risk by network proximity analysis'®. Due to overlap between these three gene sets (ASD,
CHD, ASD-CHD), we ultimately designed a library targeting 361 total genes (62 high-confidence
ASD genes, 195 CHD genes, and 104 ‘ASD-CHD’ shared risk genes). We designed five sgRNAs
per gene and selected 255 non-targeting control sgRNAs (10% total sgRNA). Guides were cloned
into pMK1334 (CROPseq-Guide-Puro vector?®, RRID:Addgene_ 127965; gifted by Martin
Kampmann). We then screened for correctly assembled clones by colony PCR and further
validated them using Sanger sequencing. The library balance of sgRNA sequences were then

assessed and verified by lon Torrent Sequencing.

To produce lentivirus for our CRISPRI library, we used LentiX-293T (Clontech) that were
maintained in DMEM with Glutamax (Fisher Scientific, Cat. No. 10566016), MEM-NEAA (Fisher
Scientific; Cat. no. 11140-050) and 10% FBS. Lentiviral packaging was performed by seeding 2.4
million cells per 10 cm dish, then transfecting with 2.5 pg equimolar packaging mix (pMDL, pRSV,
pVSV-g), 2.5 pug sgRNa vector (PMK1334) using OptiMEM and Lipofectamine 2000 (Fisher
Scientific; Cat. no. 11668019). 72 hours later, we collected the supernatant, filtered with a 0.45
um PVDF syringe filter, and concentrated the virus using the Lenti-X Concentrator (Takara Bio,

Cat. No. 631231). HEK293 media was replaced with DMEM-F12 when concentrating the virus.
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The concentrated virus containing the validated sgRNA library was transduced into NPCs through
pooled packaging at 10-20% efficiency to ensure one integration event per cell. We seeded 3
million NPCs each onto two matrigel-coated 10 cm dishes and added 100 uL of concentrated
virus that had been resuspended in 1 mL of DMEM F12. Two days later, cells were passaged. 1
million cells were taken for FACS sorting on BFP to ensure no more than 20% transduction
efficiency, while the rest were re-plated onto three matrigel-coated 10 cm dishes (3 replicates / 3
million cells per plate) in N2/B27 media containing 3 pg/mL puromycin (Fisher Scientific; Cat. no.
501532829) to select for the pMK1334 sgRNA vector. We refreshed selection media daily, then
passaged cells on day 3. Approximately 1 million cells were FACs sorted for expression of BFP
(=285%) as a readout of transduction efficiency. Then 5 million cells from each replicate were
harvested (Day O; library representation ~1,000 cells per sgRNA). The remainder of the cells were
re-plated onto three 10 cm cell culture dishes for later time points. We seeded 2 million NPCs per
plate and cultured in N2/B27 medium as described previously. The cells were passaged every 3-
5 days and approximately 5 million cells from each replicate were then harvested at days 5, 10

and 20.

We isolated genomic DNA from all samples using the Zymo Quick DNA mini-prep Plus Kit (Zymo
Research; Cat. no. D4068). The samples were amplified and prepared for sequencing as

described previously.

Pooled Proliferation/Survival Screen - Data Analysis

Data were analyzed using a bioinformatics pipeline, MAGeCK-iINC (MAGeCK including Negative
Controls) as previously described®®?'. Briefly, to determine sgRNA counts in each sample, we
cropped and aligned the raw sequencing reads to the reference using Bowtie?'. Next, we removed
outlier data points (sgRNA count coefficient of variation = 1). Count’s files of timepoints to be

compared were then input into MAGeCK to generate log2 fold changes (Log2FC) and p-values
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for each sgRNA, using the ‘mageck tesk-k’ command. We subtracted the median Log2FC of non-
targeting sgRNA from gene-targeting sgRNA to assess changes in gene-targeting sgRNA
representation at each timepoint. Gene-level knock-down effects were then determined by taking
the mean of individual sgRNA scores for the top 3 sgRNAs targeting a specific gene. Screen
positive genes were selected based on a gene-level false discovery rate (FDR) less than 0.1. We
then further prioritized genes with a gene-level Log2FC greater than 0.585 for at least one time-

point.

CRISPRi Imaging Screen

The sgRNAs with the strongest phenotype from the pooled proliferation/survival screen were
selected to generate individual sgRNA KD cell lines for CEP290, CHD4, KMT2E, NSD1, OFD1,
RFX3, and TAOK1, as well as two non-targeting controls. CRISPRI cell lines were generated as
previously described''®, from hTERT dCas9 RPE1s and AICS dCas9 iPSC-derived NPCs.
Knock-down was confirmed by qPCR using the AACT method (Figure S3A). RPE1 cells were
plated on a 96-well glass bottom plate (Corning; Cat. no. CLS3603) at a density of 2x10* cells per
well. NPCs were plated on a matrigel-coated 96-well glass bottom plate at 4x10* cells per well.
RPE1s were serum starved (DMEM-F12 -FBS), then both RPE1s and NPCs were fixed after 24
hours in 4% paraformaldehyde. We permeabilized cells for 15 minutes in PBST (PBS, 0.2% Triton
X-100) and blocked in blocking buffer (PBS, 0.2% Triton X-100, 2% BSA) for 45 minutes at room
temperature. Cells were incubated in blocking buffer with primary antibody overnight at 4°C.
ARL13B primary antibody (1:500, ProteinTech; Cat. no. 17711-1-AP) was used to visualize cilia.
The cells were then washed three times in PBST for a total of 45 minutes and incubated for 1
hour at room temperature in a blocking buffer with goat anti-rabbit secondary antibody (1:1000,
Fisher Scientific; Cat. no. A32732) as well as DRAQ5 (1:500, Fisher Scientific; Cat. no. 5016967).

Stained cells were then washed three times in PBST for a total of 45 minutes, before being stored
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at 4°C in PBS for imaging. Images were acquired using a Zeiss 980 LSM confocal microscope

with 20x and 63x objectives.

CRISPRI Imaging Screen - Data Analysis

Cilia count was determined using the CellProfiler 4.2.5 software ’'. We adapted the ‘Speckle
Counting’ pipeline to reliably identify cilia. First, the ARL13B channel was enhanced to remove
background noise. BFP+ nuclei (positively transduced cells) were identified using a diameter
range of 40-140 pixel units, threshold range of 0.0-1.0, threshold strategy set to ‘Global’, and
threshold method set to ‘Minimum Cross-Entropy’. Cilia of these BFP+ cells were counted using
a diameter range of 5-30 pixel units, a threshold range of 0.2-1.0, threshold strategy set to ‘Global’,
and threshold method set to ‘Otsu’. Percent cilia measurements were normalized based on
average BFP+ cell density of the non-targeting control sgRNA #1 (Figure 4) or unnormalized
(Figure S4). Statistical significance was determined using Dunn’s multiple comparisons test in

Graphpad (Prism).

Cilia length was determined using the CiliaQ plugin on Fiji"2. Briefly, cilia length was quantified by
inputting z-stacks of ARL13B and BFP channels into ‘CiliaQ Preparator’. Images were checked
by eye for errors in cilia identification and co-localization with BFP+ cells. Errors in cilia
identification were corrected using the ‘CiliaQ Editor’. Finally, cilia intensity and length were
calculated using ‘CiliaQ V0.1.4> with minimum cilium size (voxel) set to 20. Cilia length
measurements were normalized based on average BFP+ cell density of the non-targeting control
sgRNA and cilia intensity measurements were normalized based on average DRAQS5
fluorescence. Statistical significance was determined using Dunn’s multiple comparisons test in
Graphpad (Prism). Note: We only quantified positively transduced, BFP+ cells for all CRISPRI

assays.
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Xenopus Husbandry and Microinjections

Male and female wild-type Xenopus laevis and Xenopus tropicalis were maintained and cared for
according to established IACUC protocols. Ovulation was induced in females using human
chorionic gonadotropin (Sigma) according to” before performing natural matings or in vitro

fertilizations. Localization work was done in X. laevis, while knockdown was done in X. tropicalis.

Human TAOK7 cDNA sequence (NM_020791.4) was cloned into the GFP vector (C-terminal tag)
pcDNA3.1+ and injected at 20 pg per blastomere at the 4-cell stage, targeting the epidermis.
Injected animals were imaged by confocal microscopy on a Zeiss 980 LSM with a 63x oil objective

in confocal mode.

We generated a translation-blocking taok? morpholino (MO) (5-TTGTTGACGGCATCCTGC-
TTCAG-3') to disrupt faok1 expression in X. tropicalis or a standard control morpholino (5'-
CCTCTTACCTCAGTTACAATTTATA-3’) purchased from Gene Tools (Philomath, OR). For cilia
phenotype analysis we injected 3.32 ng of taok1 MO or standard control per embryo into one cell
at the 4-cell stage using a Zeiss Stemi 508 microscope, Narishige micromanipulator, and a Parker
Picospritzer Ill. Centrin-CFP RNA was injected at 50 pg per embryo. Animals were fixed and
stained at stage 30. For heart/brain phenotyping, 8.3 ng of taok7 MO or standard control along
with a dextran tracer, was injected unilaterally at the two-cell stage for brain phenotyping, or in

both cells at the two-cell stage for heart phenotyping.

Xenopus tropicalis Cilia Phenotyping
Stage 30 X. tropicalis embryos were fixed using 4% PFA diluted in PBS. Immunostaining was

¢, with the omission of bleaching. Acetylated alpha-Tubulin primary

performed according to *
antibody (1:1000, Sigma, Cat. no. T6793) along with goat anti-mouse Alexa Fluor 555 (1:500,

LifeTech, Cat. no. A32727) conjugated secondary antibody were used to visualize cilia. Phalloidin
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(1:500, LifeTech, Cat. no. A22287) was added during secondary antibody incubation. Samples
were mounted on glass slides (within an area enclosed by a ring of vacuum grease) with PBS
and coverslipped. Images were acquired on a Zeiss AxioZoom V16 with a 1x objective or a Zeiss
LSM980 confocal microscope with a 63x oil objective. Images were acquired as z-stacks at
system-optimized intervals and processed in Fiji as maximum intensity projections. We imaged
approximately 100 CFP+ MCCs across 3-4 tailbuds for both experimental and control conditions
and classified cells as having no phenotype (>50 cilia), moderate phenotype (10-50 cilia), or
severe phenotype (<10 cilia). We then compared the number of severe or moderate versus no

phenotype MCCs in experimental and control conditions using a Chi-squared test in R.

Xenopus tropicalis Heart/Brain Phenotyping

Heart and brain phenotyping was performed according to'’. Stage 46 tadpoles were fixed with
4% PFA in PBS. Immunostaining was performed according to Willsey et al. 2018, with the
omission of the bleaching step whenever phalloidin was included. Acetylated alpha-Tubulin
primary antibody (1:500, Sigma, T6793) along with goat anti-mouse Alexa Fluor 488 (1:500,
LifeTech; Cat. no. A32723) conjugated secondary antibodies were used to visualize the brain.
Phalloidin (1:500, LifeTech, Cat. no. A22287) was used to visualize the heart (actin). Animals
were imaged on a Zeiss AxioZoom V16 with 1X objective. Brain region size was calculated from
stereoscope images of brain immunostainings using the freehand select and measure functions
in Fiji. The injected side was compared to the uninjected side (internal control). These
measurements were from two-dimensional images taken from a dorsal perspective and reflect
relative size differences, not a direct quantification of cell number. Heart ventricle size was
measured using the freehand select and measure functions in Fiji. Quantitative differences in
heart ventricle size were calculated by comparing mean surface area between control versus
taok1 MO injected embryos. For both brain and heart phenotyping, statistical significance was

determined using unpaired Mann-Whitney rank sum tests in Graphpad (Prism).
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Figure 2.1 - Pooled Proliferation/Survival Screen of ASD and CHD Genes in NPCs (A) Venn
diagram showing the origin of genetic targets. ASD genes (pink; only identified in Satterstrom et
al. 2020), CHD genes (blue; only identified in Jin et al. 2017), and ASD-CHD genes (purple). ASD-
CHD genes (1) share genetic risk (Satterstrom et al. 2020, Jin et al. 2017), (2) have predicted
shared risk (Rosenthal et al. 2021); or (3) are CHD genes (Jin et al. 2017) present in the SFARI
Gene database. (B) Strategy for CRISPRi Screen. Cells are harvested at Day 0, 5, 10, and 20
and then sgRNA representation at Day 5, 10, and 20 is compared against Day 0. (C) Volcano
plots summarizing knock-down phenotypes and statistical significance (Mann-Whitney U test) for
sgRNAs in the pooled screen. Dashed lines: cutoff for hit sgRNAs (FDR = 0.1) represented by
both red (significantly enriched) and blue (significantly depleted) circles. Gray circles represent
non-targeting RNA and orange circles represent non-significant genes. See also Table S1.
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Figure 2.2 - A subset of ASD and CHD genes converge on cilia biology (A) Heat-map
showing gene knock-downs grouped by k-means clustering (see Figure S1). R1-3 represent
biological replicates. Cutoff for genes: p-value < 0.05, absolute value of log2(fold-change) = 0.585
for at least one time point. ASD genes are denoted with a pink bar, CHD genes with a blue bar,
and ASD-CHD genes with a purple bar., (B) Genes within K-means cluster 1 are more connected
than expected by chance based on interactions from StringDB. Enrichment for clusters 1-4 was
calculated for the all interactions inStringDB (gray) and for just the physical interactions in
StringDB (green). P-values are not corrected for multiple comparisons. (C) Visualization of the
network of cluster 1 genes, built from the interactions (Figure caption continued on the next page)
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(Figure caption continued from the previous page) cataloged in StringDB. ASD genes are in pink,
CHD genes are in blue, and ASD-CHD genes are in purple. Interactions are represented by a
green line (physical interactions) or gray line (Other StringDB interaction categories). (D)
ToppGene GO enrichment analysis (Biological Process) of genes from cluster 1 shows
enrichment of ciliary pathways, for both the standard background (light gray) and a custom
background consisting of the 361 genes screened here (dark gray). Only terms with a false
discovery rate less than 0.05 (Benjamini-Hochberg procedure) on both backgrounds are
displayed. See also Figures S1-S2, Tables S2-S3.
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Figure 2.3 - Knock-down of ASD-CHD genes disrupts primary cilia (A) Representative image
of ciliated RPE1 cells transduced (BFP+) with a non-targeting control sgRNA (sgNTC1) and a
CEP290 targeting sgRNA (sgCEP290). BFP+ cells (cyan) without primary cilia are circled with a
white dotted line. Cilia are labeled by ARL13B (magenta). (B) Repression of ASD-CHD genes
(CEP290, CHD4, KMT2E, NSD1, OFD1, RFX3, TAOKT) results in a decrease in percent ciliated
cells. We quantified percent ciliated cells in 22500 RPE1 cells across 18 images (3 biological
replicates) using CiliaQ(ref). (C) Representative image of cilia length in RPE1 cells for ASD-CHD
knock-downs. BFP+ cells (cyan) and ARL13B (magenta). (D) We observed a decrease in primary
cilia length for select ASD-CHD gene knock-downs. We captured 2250 cells across 15 images (3
biological replicates) for quantification of cilia length (um) in RPE1 cells using CiliaQ"?. (E) Percent
cilia phenotypes are replicated in NPCs for a subset of ASD-CHD gene knock-downs (CEP290,
KMT2E, TAOK1). We captured 23500 cells across (Figure caption continued on the next page)
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(Figure caption continued from the previous page) 15 images (3 biological replicates) for
quantification of percent ciliated cells in NPCs using CiliaQ". (F) Cilia length phenotypes were
also replicated in NPCs. We captured =350 cells across 15 images (3 biological replicates) and
measured length using CiliaQ™. (G) In addition to decreased cilia length, we also observed a
decrease in ARL13B signal for CEP290 and TAOK1 knock-down NPCs. Using the images from
(F), we measured ARL13B intensity (a.u.) for quantification using CiliaQ’%. All data were
normalized based on average cell density of the non-targeting control sgRNA. Significance
(Dunn’s multiple comparisons): *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not
significant (p > 0.05). See also Figures S3-S4.
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Figure 2.4 - TAOK1 is required for brain and heart development in vivo (A) Depletion
strategy. Morpholino and a tracer (Centrin-CFP) are injected at the four-cell stage for phenotyping
of epithelial multiciliated cells (MCCs) in Xenopus tropicalis. (B) Stage 26 X. tropicalis MCCs
expressing Centrin-CFP are stained for acetylated a-Tubulin (cilia, magenta). Injection of taok1
morpholino causes moderate to severe loss in cilia relative to injected non-targeting control. (C)
Quantification of cilia phenotype in MCCs by condition. Y-axis shows percent of cilia classified as
normal (=50 cilia, grey), moderate (10-50 cilia, blue), or severe (<10 cilia, purple). *N = X cells
across 3 embryos. Significance was calculated using Chi-squared test (****p < 0.00001) (D)
Depletion strategy (Rosenthal et al. 2022). Morpholino and a tracer (dextran) are injected at the
two-cell stage, either into one cell (brain phenotyping) or both (heart phenotyping). Stage 46 X.
tropicalis tadpoles are phenotyped for brain (top) anatomy by comparing bilateral symmetry. The
tadpoles are phenotyped for heart (bottom) by (Figure caption continued on the next page)
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(Figure caption continued from the previous page) comparing heart looping direction and ventricle
size. Annotations: telencephalon (tel), outflow tract (oft), ventricle (V), right atrium (RA), and left
atrium (LA). (E) Images of brain/telencephalon (top, B-tubulin, magenta) and heart (bottom,
phalloidin/actin, cyan). Negative control standard morpholino is on the left and taok?7 morpholino
is on the right. Brain: Disruption of taok? results in decreased telencephalon size (green dotted
outline) relative to control. Heart: Loss of taok? results in decreased ventricle size relative to the
control. Scale bars: 100 um. (F) Telencephalon size variance for taok? depletion. Variation in
forebrain size relative to the uninjected side (um”2) for control morpholino-injected animals versus
taok1 depleted animals. Significance was calculated using a Mann-Whitney rank sum test (****p
< 0.0001). (G) Ventricle size variance for taok1 depletion. Variation in ventricle size for taok1-
depleted embryos versus control injected embryos. Significance was calculated using non-
parametric Mann-Whitney rank sum test (*p < 0.05). See also Figure S5.
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Figure S2.1 - Elbow Plot (A) EIbow method was used to determine the optimal clustering number
for our 54 proliferation/differentiation screen genes with FDR < 0.1 and |Log2FC| = 0.585 in at
least 1 timepoint. We determined four to be the optimal cluster number, by identifying the inflection
point of the graph (orange dotted line).
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Figure S2.2 - Cluster 1 is significantly enriched for interactions (A-D) Visualization of Cluster
1-4 interactions identified from StringDB. ASD-genes (Satterstrom, 2019) are represented by a
pink circle, CHD-genes (Jin, 2017) are represented by a blue circle, and predicted ASD-CHD
genes are represented by a purple circle. Physical interactions are connected with a green line

and all other types of interactions are represented by grey.
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Figure S2.3 - Cilia quantification in RPE1 cells (A) Knockdown efficiencies of the 7 ASD-CHD
gene sgRNAs were evaluated individually in established RPE1 cell lines by qPCR. (B)
Representative image of percent cilia quantification of non-targeting sgRNA (NTC1; 81% ciliated)
and sgTAOK1 (49% ciliated) using CellProfiler. (C) Representative image of cilia length
quantification of non-targeting sgRNA (NTC1; Average length: 2.38um) and sgTAOK1 (Average
length: 0.98um) using CiliaQ. *Image is represented as a 2D maximum projection, while cilia
length was measured in 3D.
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Figure S2.4 - Knock-down of ASD-CHD genes disrupts primary cilia (without normalization)
(A) We quantified percent ciliated cells in 22500 RPE1 cells across 18 images (3 biological
replicates). (B) We captured 2250 cells across 15 images (3 biological replicates) for
quantification of cilia length (um) in RPE1 cells. (C) We captured 23500 cells across 15 images
(3 biological replicates) for quantification of percent ciliated cells in NPCs. (D) We captured 2350
cells across 15 images (3 biological replicates) in NPCs. (E) Using the images from (F), we
measured ARL13B intensity (a.u.) for quantification of cilia intensity in NPCs. *Significance
(Dunn’s multiple comparisons): *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not
significant (p > 0.05)
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Cell Interior » Cell Exterior

hTAOK1-GFP

Figure S2.5 TAOK1 localizes to ciliary structures (A) hTAOK1-GFP injected into X. laevis
localizes to ciliary structures of epidermal multiciliated cells. Images depict a single cell across
several focal planes from cell interior to exterior. hnTAOK1-GFP appears to localize to basal bodies
(left), actin (middle), and ciliary axonemes (right). These images are from an animal injected only
with the GFP construct (so as not to have potential crosstalk from fluorescence channels from co-
stains, but similar results were observed with costains for basal bodies and axonemes).
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Table S2.1 - Proliferation screen genes and results

Day 5vs.Day0 Day 10 vs. Day 0 Day 20 vs.Day 0
AsD ASD-CHD  ASD-CHD  CHD |Log2FC| 2
GENE  Log2FC Pyal Log2FC Pyal Log2FC Pual (Satterstrom)  CHD (Jin) (Genetic) (Rosenthal) (SFAR) FDR<04 0585  ASDgene CHDgene ASD-CHD gene

ABCCH -0.118511813 0.108888966  -0.327388672 0.586667477  -0.453278921 0.900805616 0 1 0 0 0 No No 0 1 0
ABCD3 -0.153263964 0.055561976  -0.28236926 0.809358436  -0.974454837  0.651718788 0 1 0 0 0 No No 0 1 0
ACAN 0.0869397 0297025498  0.203253632 0.69144181 0413142695 013716632 0 1 0 0 0 No No 0 1 0
ACTB -0.050558923 0.00833443 -0,014803872 0.014228745  0.281543283 0.178191439 0 1 0 0 1 No No o 0 1
ACVR2B 0118548882 0131101202 0.22467367 0431858102  0.241222445  0.679998418 0 1 0 0 0 No No 0 1 0
ADAMTS10 0.04437995 0925595277  0.186227311 0.089781878  0.13260508 0.662673907 0 1 0 0 0 No No 0 1 0
ADAMTSE 0074127413 0.14558699 0.080402251 0.498365781  -0.13195575 0 1 0 0 0 No No 0 1 0
ADNP 040880675 0.01362499 0219447265  0.025005807  0.768325566 1 1 1 0 1 Yes Yes 0 0 1
ANK2 0.066589721 0.575255494  0.126014108 0.326802644  0.731280642 1 0 0 1 0 No No 0 0 1
ANKRD11  -0.080359118 0.714844696  -0.399320776  0.524781468  -1.235598221 1 1 1 1 1 No No 0 ) 1
ANKRD12 023038994 0215041672  -0.319537736  0.239841566  -0.452792836 0 0 0 1 0 No No 0 0 1
ANKRD34A -0.459600776 0.00833443 -0.45811354 0.017615015  0.776615867 0 1 0 0 0 Yes Yes o 1 0
ANKSE 0172213723 0204611812  -0.202589147  0.862448784  -0.140558408 0 1 0 0 [i} No No 0 1 0
AP1B1 0.0620654 0.076001455  0.380220928 0.035620698  0.21611813 0 1 0 0 0 Yes No 0 1 0
AP2B1 0563947174 0.004288548  -0.817833533  0.042235697  -0.391676454 0 1 0 0 0 Yes Yes 0 1 0
AP2S1 0.285726689 0.043839142  0.878695281 0.003791231  1.381373489 1 0 0 0 0 Yes Yes 1 [ 0
ARHGAP31 -0.025605849 0147752766 -0.208565671  0.265762477 0148148026 0 1 0 0 0 No No 0 1 0
ARID1A -0.082735265 0918415196  -0.271225876 0.459711484 0246616687 0 1 0 1 0 No No 0 0 1
ARID1B -0.389356988 0.010933265  -0.452203058 0.020813308  -0.462543145 1 0 1 0 0 Yes No 0 0 1
ARID2 -0.107258252 0.545012826  -0.485302319 0.987581688  -0.631727877  0.833571573 0 0 0 1 0 No No 0 0 1
ARL13B 0805495696 0.003346873  1.527816261 0.003263914 1726483035  0.009341346 [ 1 0 0 0 Yes Yes 0 1 0
ARLS 0.039823561 0.602076548  -0.211436368 0.749660027  -0.386271096  0.900805616 0 1 0 0 0 No No 0 1 0
ARMC4 0389413072 0459711416 -0.48878424 0.91841521 0264481482 0596657413 0 1 0 0 0 No No 0 1 0
ASHIL -0.080163926 0968960796  -0.104423415  0.528453003 0111227026  0.58057432 1 0 0 1 0 No No 0 [} 1
ASXL1 0.185375555 0107181828  0.182187251 0.362541271 -0.048602816  0.46444851 0 1 0 1 0 No No 0 0 1
ASXL3 -0.173755744 0.163608138  -0.127736738 0.057578916  0.440041357 0.072221371 1 0 0 0 0 No No 1 0 0
ATIC +0.034182059 0.029910591  -0,100487893  0.051704706 0338034248  0.110627436 0 1 0 0 0 No No 0 1 0
B3GALT6  -0.281010795 0.057578672  -0723189542  0.050776178  -0.707033892  0.265762393 0 1 0 0 0 Yes Yes 0 1 0
BBS1 +0.219735834 0662973907  -0.351981157  0.300645189  -0.166215523  0.338452391 0 1 0 0 0 No No 0 1 0
BBS10 0.199809118 0.063997613  0.165897895 0.569959879  -0.463784208  0.133098364 0 1 0 0 0 Yes No 0 1 0
BBS12 +0.148814352 0213067757  -0.456163175  0.289874118  -0.586510447  0.354394927 [ 1 0 0 0 No 0 1 0
BBS2 0.239545637 0.024015695  0.416895458 0.019559044  -0.33481181 0.168365762 0 1 0 0 0 Yes No 0 1 0
BBS4 0.103731818 0662073507  0.176155214 0.803333878  -0.262382805  0.188437604 0 1 0 0 1 No No 0 0 1
BBSS -0.233525358 0.528452631  -0.09806413 0.019550044  0.473464732  0.135121018 0 1 0 0 0 No No 0 1 0
BBS7 0170298684 0.092765818  -0.500355422  (.168365066  -0.625478708  0.224730634 0 1 0 0 0 No No 0 1 0
BBSY 0.008065571 0.016531721 -0.052913531 0.065122854 0.087851322 0629447271 0 1 0 0 0 No No o 1 0
BCLMA 0.091676882 0.761500322  -0.103432223 0.300645189  -0.67648031 0.149543077 1 0 0 0 0 No No 1 0 0
BCOR -0215304873 0.085451213  -0.564812276  (.133098431  0.01164634 0.851636174 0 1 0 0 1 Yes No 0 ) 1
BICCY 0317702171 0.034943404  -0.421930056  0.981373473  -0.551362171  0.043031108 0 1 0 0 0 Yes No 0 1 0
BRAF -0.072853528 0.016886127  -0.038752301  0.112377562 0444826717  0.239841484 0 1 0 1 1 No No 0 0 1
CACNAIC  0.143185737 0.115843057  0.36400334 D.957581688  0.508581041  0.183437604 [ 1 0 0 1 No No 0 [} 1
CACNATE 0.071283198 0427312748 0.116156245 0.088319124 0.207905706 0.634584686 1 0 0 0 0 No No 1 0 0
CACNA2D3 -0.11757424 0.752621383  -0.274777415 0.807070012  -0.01175165 0.781318007 1 0 0 0 0 No No 1 0 0
cBL 0.35018077 0.004614642  0.058045746 0.021246698  -0.006051182  0.405008188 0 1 0 0 0 Yes No 0 1 0
CC2D2A  -0.023324253 0714536786  -0.311057609  0.913239995  -0.143742085  0.56463749 0 1 0 0 0 No No 0 1 0
CCDC103  -0.32309485 0.047200547 -0,588978715 0.210221637  -0.576281874 0.105506156 0 1 0 0 0 Yes No 0 1 0
CCDC114  -0.0387885 0.193720791  0.151847823 0.032877238  0.897148784  0.037720017 0 1 0 0 0 No No 0 1 0
CCDC151  0.067528486 0436431183  0.125360976 0.607507743  -0.019045814  0.944160992 0 1 0 0 0 No No 0 1 0
CCDC39 0. 0232138333 0. -0. 0.919415196 0 1 0 0 0 No No 0 1 0
CCDC4D  -0.167286419 0503316191  -0.506474374  0.178191515  -0.318254691  0.554213788 [ 1 0 0 0 No No 0 1 0
CCDC53  0.001536898 0.354394527 0169361644  0.4B3671097  -0.085072226  0.125246137 0 1 0 0 0 No No 0 1 0
CD88 +0.080217676 0.32680256 0258693018 0.183261543  -0.06638004 0.493441256 0 1 0 0 0 No No 0 1 0
CDK13 0472197114 0.004963022  -0.339892422  0.063997659 0103020832  0.679995418 0 0 1 1 0 Yes No 0 [ 1
CDKNIC  0.163041853 0.055562019  0.353841806 0.161267718  0.263602288 0.366657941 0 1 0 0 0 Yes No o 1 0
CELF4 0.028574958 0170783217  0.044335973 0.35036558 0191869306 0.864057512 1 0 0 1 0 No No 0 [ 1
CEP280  0.724780658 0.004728227  1.363732716 0.00450354 1761965474 0.006606844 0 1 0 0 1 Yes Yes 0 ] 1
CEP41 0.571181158 0.003346873  0.930699612 0.003431758  0.733431583  0.019558022 0 1 0 0 1 Yes Yes 0 ) 1
CEPS7 0196647198 0.050776137  -0.516286133  0.400632374  -1.138917248  0.957531686 0 1 0 0 0 Yes No 0 1 0
CFC1 0. 0. 0. 0.020387643  -0.248517895  0.213067757 0 1 0 0 0 Yes No 0 1 0
CHD2 -0.256311643 0.034277166  -0.75255665 0.066264315  -0.364810061 0.354384827 1 0 0 0 0 Yes No 1 0 0
CHD4 0610214293 0.003518588  1.311784227 0.003263914 1857528009 0.003698266 0 1 0 1 0 Yes Yes 0 0 1
CHD7 -0.157166845 0.188437604 -0.360572319 0.279365832  -0.088978772  0.743775135 0 1 0 1 1 No No 0 0 1
CHDS 043673793 0.005732015  -0.384052664  0.0526474 0.424337654  0.076001455 1 0 0 0 0 Yes No 1 ) 0
CHST3 -Daz618211 0.236842676  -0.218087264 0.315416476  0.378512889 0.154397878 0 1 0 0 0 No No 0 1 0
CITED2  0.078938408 0127174744 0.009312746 0.074723937  0.707481088  0.026557125 0 1 0 0 0 No No 0 1 0
CLDND1  0.162370403 0618434956  -0.013915627  0.289874118  0.336227358  0.275821403 0 1 0 0 0 No No 0 1 0
CNTRL -0.000832201 0.060717891 -0,096071369 0.161267718  0.105008724 0.383414682 0 1 0 0 0 No No 0 1 0
COL1A1 0.234437778 0.100574802  0.277811351 0.400632374 0.257978636 068571158 0 1 0 0 0 Yes No 0 1 0
COL1AZ  -0.088745378 0282839413  -0.254310829  0.827502795  -0.385164624  0.632213341 0 1 0 0 0 No No 0 1 0
COL2A1  0.02924465 0629447271 0118505391  0.937968558  -0.537964685  0.0:4277166 0 1 0 0 0 No No 0 1 0
COL3A1T  0.030356794 0279365848  0.003550162 0.362541271 0512154268  0.48367102 0 1 0 0 0 No No 0 1 0
COLSA1  -0268835756 0.018759993 0. 0. 0. 0 1 0 0 0 Yes No 0 1 0
COLSA2  -0.126804614 0.338452391  -0.420734239  0.478825629  -0.530087996  0.061795369 0 1 0 0 0 No No 0 1 0
CORO1A  -0.36101071 0.017614995  -0.503543195  (0.047200586  -0.23965312  0.657336668 1 0 0 0 0 Yes No 1 ) 0
COoX7B 0320561941 0.010223653  -0.898154046  0.022137112  -1.247831008  0.41830628 0 1 0 0 0 Yes Yes 0 1 0
CREBBP  0.142937222 0.702955004  0.234710012 0.207403054  0.533261651  0.065122807 1 1 1 0 1 No No 0 0 1
CRELD1  -0.166612726 0.009555337  -0.443757486  0.014538372  -0.124767484  0.207402975 0 1 0 0 0 Yes No 0 1 0
CTNNB1 0446635772 0.006302748  -0.512411223 0.038442832  0.053263412 0.876311462 1 0 0 0 0 Yes Yes 1 0 0
CXCR4 -0.065840217 0.391966141 -0.085232509 0.833571601 1133173101 0.019968571 0 1 0 0 0 No No o 1 0
DAW1 -0.172654087 0.036065494  -0.411335433  (0.060580924  -0.542514062  0.403374143 0 1 0 0 0 Yes No 0 1 0
DCTNS -0.722528055 0.004184595  -0.808582081  0.066264315 0187458325  0.651718855 0 1 0 0 0 Yes Yes 0 1 0
DDX11 -0.037317782 0.383414692  -0.034509767  0.15439795 0420187033 0.697139666 0 1 0 0 0 No No 0 1 0
DEAF1 0163242127 0282839413  -0.608524797  0.210221637  -0.182375221  0.651718855 1 0 0 0 0 Yes No 1 ) 0
DGCR2 0.010504148 0.387676044 -0.085280267 0.032343242  -0.616405604  0.070896081 0 1 0 0 0 No No 0 1 0
DHCR7 -0.355645396 0.08265811 -0.720957882 0.319182558  -0.566061101 0.882448764 0 1 0 0 1 Yes No 0 0 1
DIP2A 0.117722486 0.304283885  0.170190389 0.315416476  0.53769645 0.781318007 1 0 0 0 0 No No 1 0 0
DNAAF1  0.019637248 0.46444951 0.187476554 0732032717  0.172862331  0.342394201 0 1 0 0 0 No No 0 1 0
DNAAF2  -D.895666085 0.003518588  -1.207418972 0.009131727  -1.242633893  0.53355582 0 1 0 0 0 Yes Yes 0 1 0
DNAAF3  0.108576517 0.059656224  0.227027085 0.037720051  1.303484607  0.016531664 0 1 0 0 0 No No 0 1 0
DNAH11  -00617979 0031719687  -0.022989452  0.528453003 0310833431  0.12145739 0 1 0 0 0 No No 0 1 0
DNAHS +0.033483938 0.051704665  0.011108978 2 o 0. 0 1 0 0 0 No No 0 1 0
DNAI 0.082195866 0.354384827  0.067710482 0.558438814  -0.24B376458  0.204611912 [ 1 0 0 0 No No 0 1 0
DNAI2 0.079580271 0422795468  0.121560903 0.289674118 0727730343 0797319922 0 1 0 0 0 No No 0 1 0
DNAL1 0.11698129 0.017247184  0.021917628 0.103841548  -0.405508037  0.857842567 0 1 0 0 0 Yes No 0 1 0
DNM2 +0.268502015 0.100574802  -0.686453977  0.078610105  -0.6111228 0.785328437 0 1 0 0 0 Yes No 0 1 0
DNMT3A 0313081282 0.045425815  0.710211679 0.025127604 0.693420783 0.08373805 1 0 0 1 0 Yes Yes 0 0 1
DOCKS  -0.245387306 0.196402613  -0.317193288  0.937968558  -0.380007467  0.702855004 0 1 0 0 0 No No 0 1 0
DPYSL2  -0.017182575 0.602076548  0.085995248 0.034277198  0.244894563  0.374978471 1 0 0 0 0 No No 1 [ 0
DRC1 0.078863067 0.785328437  -0.156897376  (.0B9781878  -0.4476342 0.575255484 0 1 0 0 0 No No 0 1 0
DSCAM  -0.087766214 0227716323 -O. -0, 0.161267645 1 0 0 1 0 No No 0 ) 1
DYNCIH1  -0675105027 0.003983503  -0.830390835  (0.020387643  -0.266899503  0.749668984 1 0 0 0 0 Yes Yes 1 0 0
DYNC2H1  0.338070437 0.027636845  0.607128078 0.082765876  1.117988311 0.02819083 0 1 0 0 0 Yes Yes 0 1 0
DYRKIA  -0.054664758 0.755577487 -0.226388448 0.749668027  -0.91250604 0.262434021 1 0 0 0 0 No No 1 0 0
DYXic1 0.040688248 0112377498 -0.154644678 0.055562062  -0.489384758  0.827502766 0 1 0 0 0 No No 0 1 0
ECE1 -0.151326732 0.362541187  -0.430646852  0.894747224  -D.748012088  0.233772265 [ 1 0 0 0 No No 0 1 0
EFTUD2  -0.189088858 0.354384827  -0,166072255 0.045483724 1.000982786 0.020387621 0 1 0 0 0 No No 0 1 0
EHMT1 051769198 0.004503533  -1.216400763  0.011430348  -1.43141791 0.286342132 0 1 1 1 1 Yes Yes 0 ) 1
EIF3G -0.427638568 0.009555337  -0.648907515  0.213067837 0432250264  0.13716632 1 0 0 0 0 Yes No 1 ) 0
ELAVL3 0.464875385 0.00692413 0.849978819 0.021028007  1.087013738 0.015507347 1 0 0 0 0 Yes No 1 0 0
ELN -0.462207903 0.005870151 -0,536850864 0.894747224 -0.208283848  0.370803718 0 1 0 0 0 Yes No bl 1 0
EOGT 0213815327 0743775135 0266912034  0.623930669  0.086418192  0.944160952 0 1 0 0 0 No No 0 1 0
ESCO2  -0.072058759 0.014855847  -0.061080334  0.07089614 0.624053052  0.338452391 [ 1 0 0 0 No No 0 1 0
EVC 0.001834856 0.097380548  0.000315665 0.668630353  0.342445632  0.32680256 0 1 0 0 0 No No 0 1 0
EVC2 0.102323007 0.307972153  0.197095568 0.034943435 014217083 0.158952529 0 1 0 0 0 No No 0 1 0
FBN1 +0.162397042 0.708737478  -0.2848601 0737696302  0.701660584  0.033621814 [ 1 0 0 1 No No 0 ) 1
FBN2 0146477114 0170783217  -0.348917714 0. [} 0 1 0 0 0 No No 0 1 0
FBN3 0.138402576 0.180713248  0.275096895 0.065122854  0.116794879  0.289674034 0 1 0 0 0 No No 0 1 0
FGF8 0110314478 0.697189666  -0.38721016 0.662073962  -0.083776543  0.518322054 0 1 0 0 [} No No 0 1 0
FGFR1 0.022860495 0.338452391  -0.163206851  (.803333879  -0.272376783  0.84573863 0 1 0 0 1 No No 0 ) 1
FIG4 -0.142640163 0233772265  -0.46847895 0.315416476  -0.934760064  0.870180581 0 1 0 0 0 No No o 1 0
FKTN -0.07913008 0.931779851 -0.345356128 0.803333879  -0.013031888  0.907069996 0 1 0 0 0 No No o 1 0
FLNA -0.116657463 0.028754423  -0.02514138 0.243068843  0.084267428  0.483441256 0 1 0 0 0 No No 0 1 0



Day 5vs.Day0 Day 10 vs. Day 0 Day 20 vs.Day 0

ASD ASDCHD  ASD-CHD  CHD |Log2FC| 2
GENE  Log2FC Pal Log2FC Pyal Log2FC Pual (Satterstrom) CHD (Jin) (Genetic) (Rosenthal) (SFAR) FDR<04 0585 ASDgene CHD gene ASD-CHD gene
FOXC1 0.106166201 0.702855004 0.028388951 0.488365791 0328416121 0.246224577 0 1 0 0 0 No No 0 1 0
FOXC2 0.119648231 0.714536786 0.226838811 0.508282583 0.432471987 0.761500322 0 1 0 0 0 No No 0 1 0
FOXJ1 0.007826348 0.141328464 0.004582652 0.183720863 0.382444442 0.523374815 0 1 0 0 0 No No 0 1 0
FREM2 -0.047128367 0.354384927 -0.243363755 0.085451268 -0.27303056 0.459711416 0 1 0 0 0 No No 0 1 0
FTO 0.025826763 0.322977664 0.032376777 0.221773101 0.094531454 0.518322054 0 1 0 0 0 No No 0 1 0
Fuz 0.327086577 0.003431753 1.412427897 0.003431759 2.397266534 0.003791207 0 1 0 0 0 Yes Yes 0 1 0
GABRB2 0.044989034 0.833571573 0.103405959 0.097390607 -0.201569965 0569858811 1 0 0 0 0 No No 1 0 0
GABRB3 -0.013807813 0.662973807 -0.013230207 0.549012895 0.04501524 0.554213788 1 0 0 0 0 No No 1 0 0
GATA4 -0.154584579 0.165874143 -0.460338837 0.441032206 -0.87578882 0.362541187 0 1 0 0 0 No No 0 1 0
GATAS ~0.034847534 0127174744 -0.012011224 0.708737526 0531034507 0.045493687 0 1 0 0 0 No No 0 1 0
GDF1 0.054034711 0.702955004 -0.075225759 0.149843148 0.035465489 0.975166381 0 1 0 0 0 Ne No 0 1 0
GFAP 0.131527424 0.034277166 0.407386569 0.026031043 0.329669063 0.161267645 1 0 0 0 0 Yes No 1 0 0
GIGYF1 -0.12753733 0.239941484 0.118522648 0.051704706 1.066057732 0.013043895 1 0 0 0 0 No No 1 0 0
GJAL 0.020567781 7 -0, 0. -0, 0.663612774 0 1 0 0 0 No No 0 1 0
GL3 0.014883117 0.697189666 0.050056637 0.383414775 -0.160302484 0204611812 0 1 0 0 0 No No 0 1 0
GNAI -01873%89175 0.025005782 -0.499805256 0.259134633 -0.983575586 0.697189666 1 0 0 0 0 Yes No 1 0 0
GPC3 0.00034805 0.248409001 0.002815838 0.956555644 0.102204604 0.56468749 0 1 0 0 0 No No 0 1 0
GPCE 0.07131611 0.246224577 -0.224853601 0.62944733 -0.223687832 0.668630298 0 1 0 0 1 No No 0 0 1
GRIA2 -0.031710788 0.183261467 -0.087273144 0.884747224 -0.080858815 0.821444242 1 0 0 0 0 No No 1 0 0
GRIN2A -0.154053036 0.488542672 -0.387631567 0.575255561 -0.688149681 0.773387682 0 0 0 1 0 No No 0 0 1
GRIN2B 0.045544862 0.827502766 -0.122889227 0.839650338 -0.049567965 0.354384827 1 0 0 0 0 No No 1 0 0
HCCS -0.28145725 0.00877365 -0.797719583 0.031719717 -0.672432078 0.623830609 0 1 0 0 0 Yes Yes 0 1 0
HDLBP 0.119342546 0.060717891 0.720444032 0.008926268 1.202539784 0.0323431 21 1 0 0 0 0 Yes No 1 0 0
HECTD1 -0.414128206 0.005335018 -0,854853377 0.033621845 -0.676904727 0.307672153 0 1 0 0 0 Yes Yes 0 1 0
HECTD4 -0.022881683 0.011430335 0.067606889 0.01304401 0.804722797 0.018371284 1 0 0 1 0 No No 0 0 1
HERC1 0.027679002 0.493441256 -0.200653015 0.602076613 -0.449885507 0.809358436 0 0 0 1 0 No No 0 0 1
HOXA1 0.066432167 0.396284814 0.110281021 0.864057536 0.020086982 0.396284814 0 1 0 0 1 No No 0 0 1
HRAS 0.184458168 0. 0. 0. 0.660197654 0.026557125 0 1 0 0 1 Yes No 0 0 1
IFT122 0.316480108 0.935303913 0677112275 0.058007474 0.526283733 0.132555972 0 1 0 0 0 Yes No 0 1 0
IFT140 0463099499 0.025005782 112957663 0.006684937 1771112115 0.044659839 0 1 0 0 0 Yes No 0 1 0
IFT74 0.9218096856 0.003346873 1.632878416 0.003223133 1.72643192 0.003686264 0 1 0 0 0 Yes Yes 0 1 0
IFT80 -0.019637128 0.011686313 -0.11749815 0.035620698 0.083905457 0.602076549 0 1 0 0 0 No No 0 1 0
INVS 021N 2Z737 0.12145739 -0.184862096 0189112014 0.0189033785 0.987581666 0 1 0 0 0 No No 0 1 0
IRF2BPL 0.150171733 0.513284531 0321813172 0.079841468 0.214949879 0.230730173 1 0 0 0 0 No No 1 0 bl
IRX5 -0.261896766 0.508292518 -0.286004366 0.6461208 0.135391388 0.612660564 0 1 0 0 0 Ne No 0 1 0
ITSN2 -0.024 8020659 0.263435148 -0.032235152 0.944161001 -0.14171288 0.679696418 o 0 0 1 0 Ne No 0 0 1
JAGT 0.248061115 0.043031108 0.074852549 0.338452475 0.032479885 0.56468749 0 1 0 0 0 Yes No 0 1 0
KANSL1 -0.123689985 0227716323 -0.346203382 0.864057536 -0.185752363 0.097390548 0 0 0 1 0 No No 0 0 1
KATEA 0.078717088 0.543836061 0.359963377 0.141328533 -0.416525302 0.755577487 0 0 0 1 0 No No 0 0 1
KAT6B 0.060186304 0.779351551 0.079344774 0.726184737 -0.035269494 0.585816066 0 1 0 1 0 No No 0 0 1
KCNMA1 0.028269493 0.743775135 0.041298567 0.554213857 0.0548508 068571158 1 0 0 0 0 No No 1 0 0
KCNQ3 -0.022887962 0.055562018 -0.116988456 0.049861658 0.047464335 1 1 0 0 0 0 No No 1 0 0
KDMSA 0.08538867 0.048073878 0.022286947 0.233772346 -0.100983817 0286342132 0 0 0 1 0 No No 0 0 1
KDMSB -0.106355352 0.876311462 -0,198800444 0.170783282 -0.207329036 0.569858811 1 0 0 1 0 No No 0 0 1
KDM&B -0.221713484 0.007600002 -0.48664375 0.038442832 0.098884707 0.405008199 1 0 0 1 0 Yes No 0 0 1
KIAAD196 - 0471460986 0.004503533 -0.877106945 0.049861658 -0.654170813 0.286342132 0 1 0 0 0 Yes Yes 0 1 0
KIAAD232 - 0308208697 0.007959633 -0.61655877 0.009996409 -0.178350174 0.400632282 1 0 0 0 0 Yes Yes 1 0 0
KIF7 0.83463319 0.003182822 1625333519 0.003182827 1.8885524 0.003518589 0 1 0 0 0 Yes Yes 0 1 0
KMT2A -0.944978037 0.003346873 +1,690912953 0.006302757 <1.384362427 0.370803718 0 0 0 1 0 Yes Yes 0 0 1
KMT2C -0.147379785 -0, 0. -0.679383396 0.48367102 1 0 0 1 0 No No 0 0 1
KMT2D -0.067358344 0.785328437 0.014399133 0.474006793 -0,502746094 0.503316191 0 0 0 1 0 No No 0 0 1
KMT2E 0.545414802 0.003518588 1.088796235 0.003263814 2176244039 0.003886266 1 0 0 1 0 Yes Yes 0 0 1
KMTSB -0.028308361 0.350365496 -0.414578983 0.469214733 -0.689118831 0.156662652 1 0 0 0 0 No No 1 0 bl
KRAS 0.136015095 0.196402813 +0.134833991 0.338452475 -0.078151171 0.749660984 0 1 0 0 0 Ne No 0 1 0
LBR 0.438265685 0.005870151 0.093208978 0.243068843 -0.008117032 1 0 1 0 0 0 Ne No 0 1 0
LDBY -0.071787609 0.543836061 0.810358689 0.005596825 1.486203812 0.005596762 1 0 0 0 0 Yes Yes 1 0 0
LEFTY2 -0.249581016 0.060717691 -0.389729065 0.42279555 -0.647118401 0629447271 0 1 0 0 0 Ne No 0 1 0
LOX -0.136020877 0.213067757 -0.584154586 0.533555802 -0.476045636 0.262434021 0 1 0 0 0 Yes No 0 1 0
LRP1 -0.052108694 0.381966141 -0.296632991 0.827502795 -0.109224684 0.743775135 0 1 0 0 1 No No 0 0 1
LRP2 -0.162627428 0.048861618 -0.376797653 0.761500362 -0.416371667 0246224577 0 1 0 0 1 No No 0 0 1
LRRCAC -0.08511503 0.726184691 -0.405448088 0.523374887 -0.100332513 0.569858811 1 0 0 0 0 Yes No 1 0 0
LTEP -0.162345355 0.147752766 -0.358512716 0.857842612 -0.480850366 0.870180591 0 1 0 0 0 No No 0 1 0
LTBP4 -0.380843267 0.041452762 -0.218338715 0.161267718 0.426830835 0.068586652 0 1 0 0 0 No No 0 1 0
MAGI2 -0.006564042 0.338452391 -0.59673055 0.183261543 0.344772042 0.107191928 0 0 0 1 0 Yes No 0 0 1
MAP1A -0.112580332 0.383414692 -0.064681254 0.289874118 0.148571861 0.330656554 1 0 0 0 0 No No 1 0 0
MAP2K1 0.017737028 0781318007 -0.296619186 0.900905633 -0.301118045 0.732032672 0 1 0 0 0 No No 0 1 0
MAP2K2 -0.08649481 0.538683694 +0.075154267 0.833571601 0.064588384 0.634584686 0 1 0 0 0 No No 0 1 0
MAPT -0.14179841 0.956555637 -0.282444761 0.436431263 -0.445668926 0.987581686 0 0 0 1 0 No No 0 0 1
MBDS5 +0.340571358 0.024015695 -0.641681023 0.112377562 -0.556496461 0.1810685759 1 0 0 1 0 Yes No 0 0 1
MED12 0.368831871 0.005464503 0.51167847 0.068596701 0.548604083 0.170783217 0 1 0 0 0 Yes No 0 1 0
MED13L 0.082255324 0.125246137 -0.015667179 012717481 -0.041850483 0.559438745 1 1 1 1 1 No No 0 ) 1
MGP 0.141769174 0.569959611 0.227266302 0.326802644 +0.270877711 0.158652529 0 1 0 0 0 No No 0 1 0
MID1 -0467641917 0.041461081 +0.614484243 0.099486982 -0.768243315 0.35179735 0 1 0 0 0 Yes No 0 1 0
MKKS 0.018556863 0.488542972 +0.1132685885 0.108899028 -0.486218265 0.230730173 0 1 0 0 0 No No o 1 0
MKS1 1.5716820682 0.015080818 2725828897 0.015482824 3.839706462 0.015694174 0 1 0 0 0 Yes Yes 0 1 0
MKX -0.087118312 0.069787907 -0.269927747 0.057576916 0.044989569 0.262434020 1 0 0 0 0 No No 1 ) 0
MMP21 -0162167318 0.300645104 -0.516198578 0.204611991 -0.448873621 0.657336668 0 1 0 0 0 No No 0 1 0
MYH10 -0.207318379 0.061795368 -0.289171453 0.108899028 -0.335768515 0.350365496 0 1 0 1 1 Yes No 0 0 1
MYHE -0.363755915 0.009996396 0.09091486 0.016886146 0.521112971 0.059656224 0 1 0 0 0 Yes No 0 1 0
MYTIL 0.191893246 0.047200547 0.773848117 0.00615547 0.872206903 0.012761798 1 0 0 0 0 Yes Yes 1 0 0
NAA1S -0.734842257 0.003886284 -1.364364339 0.009341396 -0.972655876 0.304293885 0 0 0 1 0 Yes Yes 0 0 1
NACC1 0.081445898 0.445660738 0.104285443 0.265762477 -0.134844504 1 1 0 0 0 0 No No 1 0 0
NATS 0.186280021 0.391965141 041223685 0.137166389 0.591815304 0.032343212 0 1 0 0 0 No No 0 1 0
NCOA1 -0.245345254 0.004963022 -0.388628184 0.028190841 -0.489262315 0.346365245 1 0 0 1 0 Yes No 0 0 1
NDST1 -0.234762477 0.028327606 -0.433909012 0.33453882 -0.382426694 0.379182148 0 1 0 0 0 Yes No 0 1 0
NEK1 0.758805822 0.003182822 1.000863921 0.003781231 0.412512733 0.488542872 0 1 0 0 0 Yes Yes 0 1 0
NEKS 0.1792687402 0.265762393 0.470444831 0.014855964 0.597488461 0.054575876 0 1 0 0 0 Yes Yes 0 1 0
NF1 0.180933005 0.295696483 0.103373556 0.07647665 0.4490457 0.484724995 0 1 1 1 1 No No 0 0 1
NIPBL -0.069197824 0.049861618 +0.384545299 0.089781878 -0.517620768 0.726184691 0 1 1 1 1 Yes No 0 0 1
NKX2-5 -0.020784866 0.114149319 +0.078406022 0.564687558 0.09402983 0.431658022 0 1 0 0 0 No No 0 1 0
NMES -0.095607269 0.051704665 +0.063061228 0.050776178 -0,31807396 0.585916066 0 1 0 0 0 No No 0 1 0
NODAL 0.088321762 0.060717991 0.217658381 0112377562 -0.188164644 0.396284914 0 1 0 0 0 No No 0 1 0
NOTCH1 -0.193148747 0.006155461 +0.525882324 0.018760013 -0.330316166 0.117758875 0 1 1 1 1 Yes No 0 0 1
NOTCH2 -0.332681564 0.042235697 -0.407688162 0.607507743 0.084703342 0.46444851 0 1 0 1 0 Yes No 0 0 1
NPHP3 -0161266774 0.185836212 -0.421673484 0.549012895 -0.361237266 0.714536766 0 1 0 0 0 No No 0 1 0
NPHP4. 0.22052522 0.007255006 0.284002839 0.020813308 -0.227163396 0.962757089 0 1 0 0 0 Yes No 0 1 bl
NR2F2 -0.207241749 0.173226548 -0.556963369 0.185836269 0130066025 0.53355562 0 1 0 0 1 Yes No 0 0 1
NR3C2 -0.005431483 0.334539636 -0.107240877 0.218843476 -0.284802679 0.488542672 1 0 0 0 0 Ne No 1 0 0
NRAS 0.047686074 0.720352626 -0.29674585 0.91941521 0783458821 0.304293885 o 1 0 0 0 Ne No 0 1 0
NRXN1 -0.186655816 0.081281046 -0.455257645 0.33453992 -0.446436634 0.9685960796 1 0 0 0 [} Yes No 1 0 0
NSD1 0.752381536 0.003182822 1.517372674 0.003182827 3.033034069 0.003182721 1 1 1 1 1 Yes Yes 0 0 1
NSDHL 0. 0.017247204 -0.607949594 0.679895418 0 1 0 0 0 Yes Yes 0 1 0
NUP155 -0.657728477 0.004384853 -0.838483389 0.072221421 0.638683743 0.061795368 1 0 0 0 0 Yes Yes 1 0 0
CFD1 0.485760405 0.003263808 1.031511177 0.005084307 1714270865 0.224728805 0 1 0 0 1 Yes Yes 0 0 1
PAX5 -0.048472728 0.066011812 -0.188081176 0.741801096 -1.054044277 0.950503872 1 0 0 0 0 No No 1 0 0
PCSK5 0.098158756 0.026031017 0.235797959 0.272506123 0257354828 0.32680256 0 1 0 0 0 No No 0 1 0
PDE2A -0.084588233 0.105506156 0.0471381 0.149943148 0.13796102 0.255663927 0 1 0 0 0 No No 0 1 0
PEX1 0.028475444 0.797319922 -0,108942089 0189112014 -0.80214022 0.803333846 0 1 0 0 0 No No 0 1 0
PEX13 -0 0. 0, 0.053604418 0.013170777 0.100574802 0 1 0 0 0 Yes No 0 1 0
PHF12 0.239961726 0.027636945 0.352240999 0.123340471 0466507689 0.726184553 1 0 0 1 0 Yes No 0 0 1
PHF2 0.116423025 0.275821403 0.146878684 0.785328474 0.124461997 0.508292519 1 0 0 0 0 No No 1 0 0
PHF21A -0.01505291 0.108898966 -0.056411538 -0.¢ 0.1 1 0 0 1 0 No No 0 0 1
PHGDH 0.190661553 0.161267645 0.484380037 0.019969592 0.419118761 0.08265811 0 1 0 0 0 Yes No o 1 0
PITX2 -0.059188171 0.60750768 +0.081120844 0.618435017 -0.269130603 0.809358436 0 1 0 0 0 No No o 1 0
PKD1L1 0.025968256 0.809359436 +0.16707334 0.580574386 +0.026057606 0.201848267 0 1 0 0 0 No No 0 1 0
PKD2 -0.208514468 0.115843057 0288541702 0.230730255 -0.555458378 0.640542598 0 1 0 0 1 Ne No 0 0 1
PLOD1 0.100786265 0.684839676 0.0348664 02 0.31830005 -0.368459761 0.897418783 0 1 0 0 0 No No 0 1 0
PLXND1 0.1268552248 0.876311462 -0.113233871 0.503316266 -0.389922384 0.405008198 0 1 0 0 [} No No 0 1 0
POGZ -0.354718372 0.006453198 -0.69717432 0.04556099 -0.61475706 0.837968547 1 0 0 1 [} Yes Yes 0 0 1
PPPIRSE  -0.002425328 0.2613799%66 -0.339281182 0.776282592 -1.134180541 0.645458085 1 0 0 0 0 No No 1 0 bl
PPP2RSD  -0.083304768 0.165674143 -0.142563802 0.732032717 -0.030280702 0.31167962 1 0 0 0 0 No No 1 0 0
PPPSC 0.327366247 0.005464503 0.473591686 0.015507418 0283538776 0.178191438 1 0 0 0 0 Yes No 1 0 0
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Day 5vs.Day 0 Day 10 vs. Day 0 Day 20 vs.Day 0

ASD ASD-CHD ASD-CHD  CHD |Log2FC| 2
GENE  Log2fC Pal Log2FC Pval Log2FC Pual (Satterstrom)  CHD (Jin) (Genetic) (Rosenthal) (SFAR) FDR<04 0 ASD gene CHD gene ASD-CHD gene
PQBP1 -0.448418752 0.004963022 -0.846747839 0.026557151 -1.132891144 0.815396348 0 1 0 0 0 Yes Yes 0 1 0
PRDM1 0.042003735 0.554213788 0.095581456 0.657336724 -0.331686182 0.057578872 0 1 0 0 0 No No 0 1 0
PRICKLE1 0.01708806 0.882449764 0. 0. -0. 0.374978471 0 1 0 0 1 No No 0 0 1
PRR12 -0.014180555 0.46444951 0.008047239 0.181065836 -0.179858521 0.207402875 1 0 0 0 0 No No 1 0 0
PSKH1 0.273725643 0.158952528 0.586085916 0.044659988 0.320151073 0.173226548 0 1 0 0 0 Yes No 0 1 0
PTEN 0.146741642 0.538683694 0.080158267 0.265762477 <0.107814481 0.987581686 1 1 1 1 1 No No 0 0 1
PTK7 0. 0. 0. 0.857942612 0.081228653 0.944160982 1 1 1 0 1 No No 0 0 1
PUM1 -0.315257203 0.028910591 -0.588408236 0.131101269 +0.253314928 0.210221557 0 0 0 1 0 Yes No 0 0 1
RAB23 -0.036451662 0.931779851 +0,193023014 0.326802644 -0.382062552 0.944160982 0 1 0 0 0 No No 0 1 0
RAD21 -0.535165044 0.004288556 -0.895306035 0.01653174 -0.852268508 0.474006716 0 1 0 0 1 Yes Yes 0 o 1
RAF1 -0.105768531 0.370803718 +0.081256306 0.046340538 -0.021451318 0.585616066 0 1 0 0 1 No 0 o 1
RAI 0205647867 0.569959611 -0.408936513 0.42731283 -0.527361142 0.044658951 1 1 1 0 1 Ne No 0 0 1
RBM10 -0.151124582 0.018371294 -0.050631737 0.0230589806 -0.056837376 0.900805616 0 1 0 0 0 Yes No 0 1 0
RBMBA -01276181 0.034943404 -0.186522671 0640542656 0.868691265 0.028754423 0 1 0 0 0 Ne No 0 1 0
RFX3 0.450679596 0.011947363 1.021558689 0.00601129 1.808026582 0.009131678 1 0 1 0 0 Yes Yes 0 0 1
RIT1 0. 0. 878 0.1 0.262434104 -0.313659283 0.779351551 0 1 0 0 0 No No 0 1 0
ROBO1 -0.074557875 0.018371294 -0.106464881 0.088972513 0168496861 0.178191438 0 1 0 0 0 No No 0 1 0
ROR2 0.027727398 0.038923718 0.176533563 0.029327634 0.485312229 0.048073878 0 1 0 0 1 No No 0 0 1
RORE 0.251883305 0.105506156 0.328231974 0.032343242 0.215220104 0.207402875 1 0 0 0 0 Yes No 1 0 0
RPGRIPIL 0.88584488 0.188437604 1481191284 0.23684243 215211774 0.04383881 0 1 0 0 0 Yes Yes 0 1 0
RPL11 -0.383422104 0.014228728 -0.662818112 0.243068843 0.311127677 0.279365848 0 1 0 0 0 Yes No 0 1 0
RPL35A -0.201 808808 0436431183 -0.536547142 0.580574386 0.633680649 0.13716632 0 1 0 0 0 No No 0 1 0
RPLS -0.310488225 0.073463514 -0.446549588 0.815396381 0714338864 0.050776137 0 1 0 0 0 Yes No 0 1 0
RPS10 -0.31861458 0.028910591 -0.618173924 0.379182231 0.358831212 0233772265 0 1 0 0 0 Yes No 0 1 0
RPS17 0. 0. 0. 0.061795368 0 1 0 0 0 Yes No 0 1 0
RPS18 -0.137378384 0.662973807 -0.323209727 0.275821487 0.698286875 0.043031108 0 1 0 0 0 No No 0 1 0
RPS24 -0.266195002 0.067422161 -0.079183242 0.227716405 0.818570422 0.020813285 0 1 0 0 0 Yes No 0 1 0
RPS26 - 0449997835 0.011179346 +0,591880311 0.374978554 0.415401385 0.14558699 0 1 0 0 0 Yes No 0 1 0
RPS7 -D175796145 0.362541187 -0,126319368 0.498365791 1.057234747 0.020387621 0 1 0 0 0 No No 0 1 0
RSPHAA 0.166351802 0.031719687 0.228587319 0.085451268 -0.040788876 0.409412555 0 1 0 0 0 Yes No 0 1 0
RSPHS -0.208358806 0.079941416 -0.407131962 0.370803801 -0.08818899 0.381866141 0 1 0 0 0 Yes No 0 1 0
SALLY -0.311799478 0.170783217 ~0.470991496 0.199112014 -0.835038072 0.931778851 0 1 0 0 0 Yes No 0 1 0
SATB1 -0.12649341 0.010933265 +0.333754454 0.022584366 -0.244931495 0.141326464 1 0 0 1 0 Yes No 0 o 1
SCN1A -0.021653076 0.596667413 -0.184775061 0.92558529 -0.491071275 0246224577 1 0 0 1 0 No No 0 0 1
SCN2A -0.133326621 0.967581686 -0.52788137 0.35036558 -0.789646692 0.32680256 1 0 0 1 0 No No 0 0 1
SDK1 -0.055893044 0.436431183 -0.139242454 0.575255561 -0.375729724 0.809358436 0 0 0 1 ] No No 0 0 1
SDK2 -0.25078687 0.14558658 3 0. 3 -0. 0.862757088 0 0 0 1 [] Yes No 0 0 1
SEMAZE 0.106774068 0.752032672 0.048018324 0612860626 -0.009103508 0.743775135 0 1 0 0 0 No No 0 1 0
SETBP1 0.064659433 0.017247184 0.167930625 0.02951062 0.06587471 0.066264268 0 1 1 1 1 No No 0 0 1
SETD1A -0.175797832 0.070896091 -0.501763874 0.086875643 0.040113121 0.038442788 0 0 0 1 0 Yes No 0 0 1
SETD2 -0.112238881 0.825585277 -0.35718607 0.62944733 -0.626800103 0.455000505 0 0 0 1 0 No No 0 0 1
SETDS -0.174111447 0.213067757 -0.593482577 0.078610105 -0.8937322561 0.833571573 1 0 1 0 0 Yes No 0 0 1
SF384 -0.384305107 0.014855847 -0.48206471 0.607507743 0.58108414 0.066264268 0 1 0 0 0 Yes No 0 1 0
SH3PXD2B 0.069072245 068571158 0.135210456 091841521 0.08807582 0.726184691 0 1 0 0 0 No No 0 1 0
SHANK2 0.28605382 0.168365792 0.201632737 0.687188716 -0.005468473 0.851836174 1 0 0 0 0 Yes No 1 0 0
SHANK3 -0.10478897 0.049861618 -0.337751031 0149843148 -0.102281323 0.944160982 1 0 0 0 0 No No 1 0 0
SHH -0.162446946 0.032977208 -0.117662382 0.023059806 -0.234999146 0.131101202 0 1 0 0 0 Yes No 0 1 0
SHOC2 +0.21737649 0.076001455 -0.313121252 0.091264073 0.305107428 0.115843057 0 1 0 0 0 Yes No 0 1 0
SIN3A -0.366876831 0.009555337 +0.316919893 0.089781878 0.292566492 0.201848267 1 0 0 1 0 Yes No 0 0 1
8K -0.169307658 0.185836212 +0.42621059 0.418306361 -0.415810676 0.108698966 1 1 1 0 1 No No 0 0 1
SLCEeA1 -0.0537138 0.585916066 +0.03514083 0.697189716 -0.163872224 0.503316191 1 0 0 0 0 No No 1 0 0
SMAD3 -0.085674702 0.870180591 -0.182857957 0.469214733 -0.078230287 0.708737478 0 1 0 0 0 No No 0 1 0
SMAD4 0. 0. 18 ~1.31976266 0.32680256 0 1 0 0 1 Yes Yes 0 0 1
SMADS -0.185610486 0.851836174 -0.276791236 0300645189 -0.041818639 0.737896258 0 1 0 0 0 Ne No 0 1 0
SMARCA4  0.024458199 0127174744 -0.086972228 0.087390607 -0.723650203 0.962757089 0 1 0 0 1 Ne No 0 0 1
SMARCB1  -0.117497622 0.039923719 0.071623006 0.031106528 017456683 0.189111836 0 1 0 1 0 Ne No 0 0 1
SMARCC2 0.087909913 0.102187758 0.022861503 0141328533 0.098163723 0.366657841 1 0 0 1 0 No No 0 0 1
SMARCE1  0.163258688 0.091264016 0.833080508 0.005084338 2185165258 0.003518537 0 1 0 0 0 Yes Yes 0 1 0
SMC3 -0.671688587 0.004184595 -1.017726079 0.022137112 -0.435883258 0.839650311 0 1 0 0 1 Yes Yes 0 0 1
SNX17 -0.190695878 0.143445605 -0.328886881 0.607507743 -0.714328474 0.983790655 0 1 0 0 0 No No 0 1 0
SO81 -0.17317886 0.163608138 -0.622813085 0088572513 -0.754972881 0.851836174 0 1 0 1 0 Yes No 0 0 1
SOX2 0.041227144 0.105506156 -0.018089644 0141328533 -0.024477243 0.53355582 0 1 0 0 0 No No 0 1 0
SOX9 0.286346147 0.037720017 0.015878432 0.702855054 -0.03506784 0.8983790655 0 1 0 1 0 Yes No 0 0 1
SP4 -0.134506898 0.450316804 -0,14443429 0.69144181 -0.174141332 0.60750768 0 0 0 1 0 No No 0 0 1
SPAST -0.187646827 0628447271 -0.508638867 0183261543 -0.428286705 0.773387682 1 0 0 0 0 No No 1 0 0
SRPR -0.847652382 0.003431753 -1.201122506 0.011430348 -0.167439007 0.279365848 1 0 0 0 0 Yes Yes 1 0 0
STAMBP -0.314218575 0.017614895 0653605881 0.057578916 -0.88338751 0.708737478 0 1 0 0 0 Yes No 0 1 0
STRAG -0.287766176 0.173226548 -0.668415114 0.431858102 -1.062441215 0.815396348 0 1 0 0 0 Yes No 0 1 0
STXBP1 -0.071047376 0.040682152 -0.290876334 0.084287455 -0.479861783 0.884747206 1 0 0 0 0 No No 1 0 0
SUFU 1.603675761 0.002950455 2.03607624 0.00310356 1.852196066 0.004082906 0 1 0 0 0 Yes Yes 0 1 0
SYNGAP1 -0.143834238 0.342384201 -0.03711715 0.732032717 0.327894136 0.334538836 1 0 0 0 0 No No 1 ) 0
TAB1 0.100600663 0.58057432 0.051505068 0.714536834 -0.035746862 0.779351551 0 1 0 0 0 No No 0 1 0
TAB2 -0.127054378 0.450316804 -0.38133865 0.559438814 -0.813018058 0.785328437 0 1 0 0 0 No No 0 1 0
TAOK1 0.815562863 0.003182822 1.460435027 0.003182827 2.310884406 0.00326386 1 0 0 1 0 Yes Yes 0 0 1
TBC1D32 0447127141 0.004082626 1.005822563 0.0034317589 1.20029714 0.00977365 0 1 0 0 0 Yes Yes 0 1 0
TBLIXR1  0.004896412 0.785328437 -0.280547649 0186402891 -1.188802007 0.559436745 1 0 0 0 0 No No 1 0 0
TBR1 -0.12038761 0. 0. 0. -0.8682067767 0.307672153 1 0 0 0 0 No No 1 0 0
B8X1 0.035377281 0.781318007 0.104781183 0.483671097 0.008652048 0.864057512 0 1 0 0 1 No No 0 ) 1
TBX20 0.010772227 0.773387682 -0.006616656 0.204611881 0.543674936 0.032343212 0 1 0 0 [] No No 0 1 0
TBX3 0.070768932 0488542972 0.076841218 0708737526 0.066717447 0.864057512 0 1 0 0 0 No No 0 1 0
TBXS -0.040434461 0.084287397 -0.178462541 0.755577529 -0.] 0.4 0 1 0 0 0 No No 0 1 0
TCF20 -0.259243726 0.304283885 -0.472836744 0.876311483 -0.178041396 0.289874034 1 0 0 0 0 No No 1 0 0
TCF4 -0.188677504 0.591280507 -0.346184889 0720352673 -0.218711158 0651441758 1 0 0 0 0 No No 1 0 0
TCF7L2 0.204932328 0.322977864 0.2711Z78071 0.262434104 -0.133384007 0.612560564 1 0 0 1 [] No No 0 0 1
TCOF1 -0.343599697 0.016886127 -0.337820556 0.117758939 0.741020185 0.062888522 0 1 0 o 0 Yes No 0 1 0
TEK -0.0683828 0.956555637 -0,170104208 0.259134633 -0.155371166 0.779351551 1 0 0 0 0 No No 1 0 0
TFAP2B 0.082600896 0.183261467 0. 098379 -0. 0.950356813 0 1 0 0 0 No No 0 1 0
TGFBR1 -0.431800987 0.020387621 -0.515562633 0.338452475 0.52624795 0.067422161 0 1 0 0 0 Yes No 0 1 0
TGFBR2 0.220435841 0.233772265 0.375998273 0.269119801 0.74136952 0.54383585 0 1 0 0 0 No No 0 1 0
TLK2 -0.418658838 0.024506406 -0.703918842 0.065122854 +0.334344372 0.708737478 1 0 0 1 0 Yes No 0 0 1
TLLY +0.220799073 0.072221371 +0.556310695 0.147752837 +0.079658415 068571158 0 1 0 0 0 Yes No 0 1 0
TMBSF4 +D.2701564 0.040682152 ~0.066735678 0.69144181 0.567074337 0.045493667 1 0 0 0 0 Yes No 1 0 0
TMEM1328 -0.175530662 0.081264016 -0.466994282 0.210221637 -0.618058747 0.450316904 0 0 0 1 0 No No 0 ) 1
TMEMS&7 0.479833693 0.003781225 0. 0. 0. 0. 0 1 0 0 0 Yes Yes 0 1 0
TRAF7 -0.042781578 0.141328464 +0.220311817 0168365066 -0.186706434 0.218843396 1 0 1 0 0 Ne No 0 0 1
TRIM23 -0.016233664 0.528452831 +0.449530078 0.272506123 -0.100964252 0.894747206 1 0 0 0 0 Ne No 1 0 0
TRIM32 -0.007210784 0.248409001 -0.017187956 0.907070012 0.711372576 0.059656224 0 1 0 0 0 No 0 1 0
TRIP12 0.385302272 0.004288556 0.744141068 0005596825 1.236163984 0.009131714 1 0 0 0 0 Yes Yes 1 0 0
TSC1 0.270579341 0.041452762 0.370732238 0.450316883 -0.384562001 0.884747206 0 1 1 1 1 Yes No 0 0 1
TSC2 -0.184618828 0.079841416 0.192336221 0.040682187 0.671791787 0.189111836 0 1 0 0 1 Yes No 0 0 1
TTC218 -0.547608083 0.118429%61 -0.691233785 0.519177628 -0.256149898 0.829867713 0 1 0 0 0 Yes No 0 1 0
TTCS 0.007412588 0.2074025975 -0.012843784 0737896302 -0.166066196 0.488542872 0 1 0 0 0 No No 0 1 0
TWIST1 -0.049087834 0.450316504 -0.01427668 0.135121087 0.110013513 0.450316804 0 1 0 0 0 No No 0 1 0
UBR1 0.012850188 0.102187758 -0.181431434 0.082765876 0.698052571 0.178191438 1 1 1 0 1 No No 0 0 1
VEZF1 -0.102317318 0.528452531 -0.160752224 0.289874118 -0.267282117 0.634584686 1 0 0 0 0 No No 1 0 0
WAC 0.120086248 0400632292 -0,123454381 0.304284068 0535820389 0.165874143 1 0 0 0 0 No No 1 0 0
WDR18 0.54830089 0.007600002 0.964347882 0.019356527 1.304300204 0.010223613 0 1 0 0 0 Yes Yes 0 1 0
WDR35 0.767582113 0.003346873 1477783276 0.003263814 2.515588056 0.003182721 0 1 0 0 0 Yes Yes 0 1 0
WDR60 0.406873771 0.00508433 0.630670312 0 0. 0. 0 1 0 0 0 Yes Yes 0 1 0
ZBTB14 -0.375215035 0.016886127 -0.245593216 0.027082418 0.227114728 0.201848267 0 1 0 0 0 Yes No 0 1 0
ZEB2 -0.20237277 0.183261467 -0.438873223 0.043031144 -1.003166716 0.354394927 0 1 0 0 0 Yes No 0 1 0
ZFPM2 -0182532448 0.163608138 -0.341179829 0.761500362 +0.322311293 0.888585133 0 1 0 0 0 No No 0 1 0
ra[ox] -0.049576091 0.183720791 -0,198212217 0.702855054 -0.363122473 0.803333846 0 1 0 0 0 No No 0 1 0
ZMYM2 0.212049726 0.180713248 0453166952 0.039177351 0.581376009 0.1586852528 0 0 0 1 0 Yes No 0 0 1
ZMYND8 0.08049841 0.851836174 -0.085477165 0.761500362 -0.145555003 0.518322054 1 0 0 1 0 No No 0 0 1
ZNF138 0.137464108 0.779351551 0.002499754 0.201848346 -0.084947252 0.821444242 0 0 0 1 0 No No 0 0 1
2W0 -0.785744816 0.003791225 +1.155916929 0.012485036 -0.608089082 0.98137347 0 1 0 0 0 Yes Yes 0 1 0
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Table S2.2 - K-Means clustering of filtered proliferation screen hits

CLUSTER

J S N N N N N N N N N N N R P P R R R S I I R T e I e

D5 _R1
0.2880333425
0.508299573
0.5541650385
0.4105759562
07431433158
0.6559235892
0.3261447488
0.978109793
0.9889634075
0.4981106072
0.9377722272
1830464618
0.9466004499
0.03924391818
0.4696108206
0.7795900305
0.2639237887
0.2502832663
0.3594264559
0.2589008978
0.3181142996
-0003205888604
0.5417838165
0.2220755447
0.8923988806
0.2899003514
1324920589
-0363030381
-06138138498
-04606392586
03691031534
-0.5582851884
06108778187
-07116829661
0.06037398659
-02289852249
01547830772
1011651599
-03859009482
-06485737107
04423274982
-09230709171
0656050012
-0.3667968995
05427069113
-04620348804
-0.2864033581
-0.1468406645
-08526016086
02095072729
-03898191874
-05536698028
-02238053082
083241814

D5_R2
04112136917
0.3204472197
05425893957
05101362931
0.8417800576
04233651187
0.1194008543
04721632495
07942033815
0.4795841827
0.8487175377
1.564464539
1112791413
0.1428263947
04808251391
0.6807248469
0.6234496994
05454491373
03315017559
01472299877
0.04392795234
0.3800573466
0.6667460261
0297651888
0.5550668292
-0.0531738518
1126242854
-0.3975876678
07816086427
-0.6109737129
-0.2551302218
-0.5727596342
04161850355
-0.4460222905
01160340433
-0.2403263022
-0.3308412271
-0.8020446675
-0.2248101547
-0.37631187
-0.3541508059
-0.9491055972
-0.5674048919
01963114194
-0.2503845175
01937738906
-0.1914572762
01914974895
-0.8143248074
02123219868
-0.1723191277
04147628656
-0.5533091064
06616411833

D5_R3
04907692998
04336851183
05608187146
04949129333
0.9752805305
0.6809629799
05232899372
06461318161
0.9362864471
04836738136
07539959292
1623872961
0.901124923
0.140716954
04449398192
04904338088
0.8100446749
07278306848
04459624314
02841085741
0221391172
032071234
0.5298040983
07225517922
1132017055
01621335883
1192547597
-0.361559025
-0.7149298729
-0.5086163782
-0.3868496747
07303627155
-0.3617639875
07521783392
01983615989
-0.2795472005
-0.5698246735
07263034985
-0.40411174%
404024383311
-0.5095392752
-0.6748952251
-0.768989469
01725084658
-0.5183002618
-0.3972497969
-0.2632680854
-0.2036360233
07219053194
-0.2281043272
-0.3848910911
-0.2532003446
-0.1211919889
-0.5601001525

DI0_R1
1.199003928
1187514462
1381340207
0.9237181037
1839965574
1705464831
09358527569
1.865081914
1998391534
1.343760343
1554420526
3413336495
1.820118502
05361614331
0.8351381683
140924669
0.685655824
06395404239
07383854148
0.8068200762
07029310155
-0.02125239649
1.394900689
0.5992329292
144958418
0.489069726
1.907077032
-0.4454522849
-0.7448599868
-0.3983736191
-0.4193662904
07635749373
-0.3624184699
-0.5934255815
0.3226452768
-0.2732433827
-0.087479662
-0.9927961513
04740626762
-0.8901702411
-0.6901858859
-1.496654949
-1.228700182
-0.4669317095
-0.8842209648
-0.3912555765
-0.3077456041
-0.4626970865
-0.8314629747
-0.08972484871
-0.6592456855
-0.8092126424
-0.7049122465
-1.206772334

D10_R2
1174325957
08937116565
1316987212
1145326772
1731379706
1120598898
0359640995
1398691625
1906353363
1131805434
206247018
2826738309
2027277287
07701527496
1166648631
1326557697
1237742079
1068342863
08042722965
05382515106
04956356974
05226224267
1.265781589
1072494044
07498815204
-0.003515098746
1511636934
05147776159
08061162829
-0.5884570622
05041514368
04736907729
05961827717
-0.2993056587
0334497066
-03885923584
09173512614
08135561348
06256104163
06742823352
-1070912172
-1189188319
09175229171
01690114915
-0.6005621241
-04883586448
06271339311
04642849171
-1036268924
06295968618
-0.5090008145
07550656598
-1197290444
07542884246

D10_R3
1237527506
1.168401198
1477931034
0.812387356
1.955479941
1.234087226
1103658217
1404819068
1653393439
1303000515
1547148588
2912225716
1570896926
0.3989868043
1.187988852
1131922149
1601538385
1158857203
0.8695416823
04771702398
0.5215139163
07351895613
0.9844260146
1433489797
1778177945
0.338198685
1581101017
-0.7591093216
-0.63418725
-0.5539102507
-0.4630833889
-0.8412320462
-0.3953480179
-0.6176464959
01713321641
-0.418148725
-0.6525363778
-0.8222785733
07978081629
-0.7692498084
0.9341514427
-1.240483999
-1.13096577
-0.3227274002
-0.7543530083
-0.6308839251
-0.3568046436
-0.7441363708
-0.7798383424
-0.8919590351
-0.5066883338
-0.3932816747
-0.3554975012
-0.5444993193

D20 R1
2.205818385
167312052
2433393192
2,071075551
3681460454
3.263930401
2575798234
2,040023008
3611327541
2,085687003
2432678589
5.52455606
2.884293792
2658557402
0.7643367937
2146890988
1441997782
0.9473718078
1.058078171
05831939161
1.020120485
07731846621
1424587863
0.7415145077
1.200348197
-002289152261
1778783089
0.3722591459
0.07291956796
0.9941731022
0.6742059106
0.455403771
0.3367327671
0.8978834396
1121218793
0.2227275706
0.1170740119
0.4391918342
0431662891
0.3628818544
-0.5229248649
-0566238169
-03184011572
0.1731154263
-0.05094624045
0.04303065753
-0.3632036927
-04002666758
-0.1859232808
0.2084694906
0.172449371
0.09996349497
-0.3338880607
0.02415403717

D20_R2
2496514119
1.936410058
2470536564
1544812766
4335073688
2395287545
05166903771
2300436001
181131517
2533155899
311126245
4936437847
3139194402
2040964253
1596390626
2187439741
2416174689
1344799639
1141347029
1771346103
04280154242
1353924261
1185031637
2097130108
133190796
0.1873148982
1420201965
0.9062766067
0.07064270663
0717005245
03850971316
0.1500848374
0.08879429963
0.386920025
1166546083
0166808901
0.3373544171
0.05518298279
0100329935
-0,1817676898
0.8978055928
0.561068485
0.5746259919
0.4941930705
0.2167399458
-0.06696919838
0473782177
0.5154345587
0.7952051339
0.6881549583
0.332972997
0.6390409117
07401931582
0.3869921078

D20_R3
1829978419
1348519237
1870143545
0968127355
3470746227
1871874201
09730036175
194854072
2145036436
1711427702
1249791358
3446217092
282125828
182462028
1590991336
1966674503
2023250159
1456491376
08056058114
06091924208
0.3568186034
1183174435
06829182924
1629941759
1093449693
02977773414
05233708531
00798268199
01591631944
0.8970625699
0226023313
02232599267
0.2696703786
0681108344
0.08250507935
-0241272014
-00655325984
-003127230271
04626636393
-003855251561
-04852510008
-06352865412
03960397164
001604583935
0.1657010818
01270552463
05569319001
05394632519
03584825078
02392531015
-0.149182548
-05542810461
-0.5286532672
0.1802580037

Category
ASD
ASD-CHD
ASD-CHD
ASD-CHD
ASD-CHD
ASD-CHD
ASD-CHD
ASD-CHD

CHD
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Table S2.3 - ToppGene Enrichments of Cluster 1 genes

CRISPRi BACKGROUND

GO: Biological Process [Display Chart] 19 input genes in category / 762 annotations before applied cutoff / 360 genes in category

s in category / 154 annotations before applied cutoff / 361 genes in category

q-value

1.779E-1
3.930E-2
5.399E-3
6.479E-3
1.807E-2
1.807E-2
1.514E-1
1.191E-1

q-value

7419E-2
2258E-2
3.548E-2
8.254E-2
6.522E-3
9.664E4
3.543E3
7.686E-3

q-value
4.052E-10
2.022E-5
2.579E-12
4.852E-12
2.759E-10
3.497E-10
3.990E-7
6.457E8

q-value FDR g¢-value FDR Hit Countin Hit Countin  Fold-enrichment

2.224E-2
7861E-3
3.240E-3
3.240E-3
4.517E-3
4.517E-3
2.163E-2
1.984E-2

1.604E-1
5.671E-2
2.337E-2
2.337E-2
3.258E-2
3.258E-2
1.560E-1
1.432E-1

5

7
12
12
12
12
11
12

q-value FDR g¢-value FDR Hit Count in

1.032E-2
4.516E-3
5913E-3
1.032E-2
1.922E-3
9.664E-4
1.772E-3
1.922E-3

5.796E-2
2.537E-2
3.322E-2
5.796E-2
1.079E-2
5.429E-3
9.952E-3
1.079E-2

13
23
64
65
71
71
72
84

Hit Count in

4
12
13
23
40
52
71
76

q-value FDR q-value FDR Hit Countin Hit Count in

4.503E-11
1.123E-6
2.426E-12
2.426E-12
4.503E-11
4.503E-11
3.069E-8
5381E-9

3.248E-10
8.103E-6
1.750E-11
1.750E-11
3.248E-10
3.248E-10
2.214E-7
3.882E-8

s in category / 154 annotations before applied cutoff/ 20915 genes in category
q-value Bonferr q-value FDR I g-value FDR I Hit Count in QiHit Count in Ge Fold-enrichment

3.540E-5
9.995E-8
1.404E-6
2.593E6
1.760E-10
5A475E-7
8.524E9

4.425E-6
2.499E-8
2.340E-7
3.705E-7
1.760E-10
1.095E-7
4.262E-9

2.486E-5
1.404E-7
1.314E-6
2.081E-6
9.886E-10
6.152E-7
2.3%E-8

Category D Name p-value
GO: Biological Process  GO:0021532 neural tube patterning 2334E4
GO: Biological Process ~ GO:1905515 non-motile cilium assembly 5.158E-5
GO: Biological Process  GO:0060271 cilium assembly 7085E6
GO: Biological Process  GO:0044782 cilium organization 8.503E6
GO: Biological Process  G0:0120031 plasma membrane bounded 2371E-5
GO: Biological Process  GO:0030031 cell projection assembly ~ 2.371E-5
GO: Biological Process ~ GO:0007017 microtubule-based process 1.987E-4
GO: Biological Process ~ GO:0070925 organelle assembly 1.563E4
GO: Cellular Component [Display Chart] 19 input gene:

Category D Name p-value
GO: Cellular Component  GO:0036038 MKS complex 4.818E4
GO: Cellular Component  GO:0035869 ciliary transition zone 1.466E4
GO: Cellular Component  GO:0097542 ciliary tip 2304E4
GO: Cellular Component  GO:0036064 ciliary basal body 5360E4
GO: Cellular Component  GO:0005813 centrosome 4.235E-5
GO: Cellular Component  GO:0005815 microtubule organizing cen6.275E6
GO: Cellular Component  GO:0005929 cilium 2301E-5
GO: Cellular Component  GO:0015630 microtubule cytoskeleton 4.991E-5
DEFAULT BACKGROUND

GO: Biological Process [Display Chart] 19 input genes in category / 762 annotations before applied cutoff / 20649 genes in category
Category D Name p-value
GO: Biological Process  GO:1905515 non-motile cilium assembly 5.318E-13
GO: Biological Process  GO:0021532 neural tube patterning 2.653E8
GO: Biological Process  GO:0060271 cilium assembly 3.385E-15
GO: Biological Process ~ GO:0044782 cilium organization 6.367E-15
GO: Biological Process  G0:0120031 plasma membrane bounded 3.621E-13
GO: Biological Process  GO:0030031 cell projection assembly ~ 4.589E-13
GO: Biological Process  GO:0007017 microtubule-based process 5.236E-10
GO: Biological Process ~ GO:0070925 organelle assembly 8.474E-11
GO: Cellular Component [Display Chart] 19 input gene:

Category D Name p-value
GO: Cellular Component  GO:0036038 MKS complex 2.299E-7
GO: Cellular Component  GO:0097542 ciliary tip 6.490E-10
GO: Cellular Component  GO:0035869 ciliary transition zone 9.117E-9
GO: Cellular Component  GO:0036064 ciliary basal body 1.684E-8
GO: Cellular Component  GO:0005929 cilium 1.143E-12
GO: Cellular Component  GO:0005813 centrosome 3.555E9
GO: Cellular Component  GO:0005815 microtubule organizing cen 5.535E-11
GO: Cellular Component  GO:0015630 microtubule cytoskeleton 5.115E-10

T87TE8

2.499E-8

1.404E-7

7

5
12
12
12
12
11
12

3
5
5
6
12
9
11
12

81
100
534
563
791
807

1110
1259

14
49
82
199
883
703
911
1489

7.287449393
5.766590389
3.552631579
3.497975709
3.202372128
3.202372128
2.894736842
2.706766917

Fold-enrichment

1425

7916666667
7.307692308
4956521739

4275

4.019230769
3.211267606

3

Fold-enrichment
93.92007797
54.33947368
24.42223536
23.16425166
16.48732451
16.16043827
10.76998578
10.35859705

235.8834586
112.3254565
67.12130937
33.18963237
14.95976635
14.09261062
13.29164019
8871372521
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Chapter 3

Conclusion and Discussion

Chapter 1 of this dissertation builds upon previous work identifying microtubule biology as a key
convergent pathway in ASD pathobiology. While microtubule biology is a broad functional
category, the data in this paper suggests that the proliferation and differentiation phenotypes
resulting from ASD gene perturbations may be due to disruption of the mitotic spindle, as a subset
of ASD genes have been shown to co-localize at the spindle’. Another possibility is disruption of
the cilia, a microtubule-based organelle. The gene set enrichment analysis performed on DEGs
from this paper also points to Sonic hedgehog signaling (SHH), which requires the primary cilium
for regulation of cell proliferation and differentiatiton?. Our previous research has also identified
SHH signaling as a possible modulator of telencephalon size, a convergent phenotype in ASD®.
However, further experimentation is needed to identify the relative contributions of these
microtubule-based structures to ASD perturbations during neural cell proliferation and

differentiation.

Chapter 2 builds upon past research that has established that genes with shared risk for ASD and
CHD are enriched for chromatin regulation, NOTCH signaling, and MAPK signaling*~". Our study
now underscores the importance of cilia in shared ASD and CHD biology. The identification of
cilia as an additional contributor to shared risk is consistent with those pathways previously
discovered, which are broadly involved in cell proliferation, differentiation and survival. It is well
established that cilia disassembly is essential for cell cycle advancement >8, while primary cilia
signaling also plays a key role in differentiation®'2. Our research is also consistent with the long-
standing understanding that ciliary biology underlies CHD"'?-'®. However, the role of cilia in ASD

is generally less appreciated despite existing evidence in the literature'2*. Because the work
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highlighted in Chapter 1 also shows broader convergence of ASD genes in microtubule biology,
together these results suggest that ciliary biology may be more broadly applicable to ASD biology

at large.

124



References

1.

10.

11.

12.

Lasser, M. et al. Pleiotropy of autism-associated chromatin regulators. Development 150,
(2023).

Jia, Y., Wang, Y. & Xie, J. The Hedgehog pathway: role in cell differentiation, polarity and
proliferation. Arch. Toxicol. 89, 179-191 (2015).

Willsey, H. R. et al. Parallel in vivo analysis of large-effect autism genes implicates cortical
neurogenesis and estrogen in risk and resilience. Neuron 109, 1409 (2021).

Rosenthal, S. B. et al. A convergent molecular network underlying autism and congenital
heart disease. Cell Syst 12, 1094—1107.e6 (2021).

Zaidi, D., Chinnappa, K. & Francis, F. Primary Cilia Influence Progenitor Function during
Cortical Development. Cells 11, (2022).

Zaidi, S. et al. De novo mutations in histone-modifying genes in congenital heart disease.
Nature 498, 220-223 (2013).

Fakhro, K. A. et al. Rare copy nhumber variations in congenital heart disease patients identify
unique genes in left-right patterning. Proc. Natl. Acad. Sci. U. S. A. 108, 2915-2920 (2011).
Tong, C. K. et al. Primary cilia are required in a unique subpopulation of neural progenitors.
Proc. Natl. Acad. Sci. U. S. A. 111, 12438-12443 (2014).

Lepanto, P., Badano, J. L. & Zolessi, F. R. Neuron’s little helper: The role of primary cilia in
neurogenesis. Neurogenesis (Austin) 3, €1253363 (2016).

Park, S. M., Jang, H. J. & Lee, J. H. Roles of Primary Cilia in the Developing Brain. Front.
Cell. Neurosci. 13, 218 (2019).

Clement, C. A. et al. The primary cilium coordinates early cardiogenesis and hedgehog
signaling in cardiomyocyte differentiation. J. Cell Sci. 122, 3070-3082 (2009).

Djenoune, L., Berg, K., Brueckner, M. & Yuan, S. A change of heart: new roles for cilia in

cardiac development and disease. Nat. Rev. Cardiol. 19, 211-227 (2022).

125


http://paperpile.com/b/LpiUFr/WTDx
http://paperpile.com/b/LpiUFr/WTDx
http://paperpile.com/b/LpiUFr/HWb8G
http://paperpile.com/b/LpiUFr/HWb8G
http://paperpile.com/b/LpiUFr/yTgJf
http://paperpile.com/b/LpiUFr/yTgJf
http://paperpile.com/b/LpiUFr/cgtqp
http://paperpile.com/b/LpiUFr/cgtqp
http://paperpile.com/b/LpiUFr/FgUPJ
http://paperpile.com/b/LpiUFr/FgUPJ
http://paperpile.com/b/LpiUFr/eY5ia
http://paperpile.com/b/LpiUFr/eY5ia
http://paperpile.com/b/LpiUFr/On1ph
http://paperpile.com/b/LpiUFr/On1ph
http://paperpile.com/b/LpiUFr/zReyJ
http://paperpile.com/b/LpiUFr/zReyJ
http://paperpile.com/b/LpiUFr/ZQo5U
http://paperpile.com/b/LpiUFr/ZQo5U
http://paperpile.com/b/LpiUFr/8KxvD
http://paperpile.com/b/LpiUFr/8KxvD
http://paperpile.com/b/LpiUFr/MuN1D
http://paperpile.com/b/LpiUFr/MuN1D
http://paperpile.com/b/LpiUFr/wnFJY
http://paperpile.com/b/LpiUFr/wnFJY

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Yuan, S., Zaidi, S. & Brueckner, M. Congenital heart disease: emerging themes linking
genetics and development. Curr. Opin. Genet. Dev. 23, 352-359 (2013).

Gabriel, G. C., Young, C. B. & Lo, C. W. Role of cilia in the pathogenesis of congenital heart
disease. Semin. Cell Dev. Biol. 110, 2—-10 (2021).

Jin, S. C. et al. Contribution of rare inherited and de novo variants in 2,871 congenital heart
disease probands. Nat. Genet. 49, 1593—-1601 (2017).

Klena, N. T., Gibbs, B. C. & Lo, C. W. Cilia and Ciliopathies in Congenital Heart Disease.
Cold Spring Harb. Perspect. Biol. 9, (2017).

Li, Y. et al. Global genetic analysis in mice unveils central role for cilia in congenital heart
disease. Nature 521, 520-524 (2015).

Klena, N. et al. Role of Cilia and Left-Right Patterning in Congenital Heart Disease. in Etiology
and Morphogenesis of Congenital Heart Disease: From Gene Function and Cellular
Interaction to Morphology (eds. Nakanishi, T. et al.) (Springer, Tokyo, 2016).
doi:10.1007/978-4-431-54628-3_8.

Marley, A. & von Zastrow, M. A simple cell-based assay reveals that diverse neuropsychiatric
risk genes converge on primary cilia. PLoS One 7, e46647 (2012).

Willsey, H. R. et al. Correction: The neurodevelopmental disorder risk gene DYRK1A is
required for ciliogenesis and control of brain size in embryos. Development 147, (2020).
Willsey, H. R. et al. Katanin-like protein Katnal2 is required for ciliogenesis and brain
development in Xenopus embryos. Dev. Biol. 442, 276-287 (2018).

Frasca, A. et al. MECP2 mutations affect ciliogenesis: a novel perspective for Rett syndrome
and related disorders. EMBO Mol. Med. 12, e10270 (2020).

Rosengren, T., Larsen, L. J., Pedersen, L. B., Christensen, S. T. & Mgller, L. B. TSC1 and
TSC2 regulate cilia length and canonical Hedgehog signaling via different mechanisms. Cell.

Mol. Life Sci. 75, 2663—-2680 (2018).

126


http://paperpile.com/b/LpiUFr/rQotY
http://paperpile.com/b/LpiUFr/rQotY
http://paperpile.com/b/LpiUFr/SFVC0
http://paperpile.com/b/LpiUFr/SFVC0
http://paperpile.com/b/LpiUFr/mv4ak
http://paperpile.com/b/LpiUFr/mv4ak
http://paperpile.com/b/LpiUFr/z8nwp
http://paperpile.com/b/LpiUFr/z8nwp
http://paperpile.com/b/LpiUFr/vQrxM
http://paperpile.com/b/LpiUFr/vQrxM
http://paperpile.com/b/LpiUFr/fI6om
http://paperpile.com/b/LpiUFr/fI6om
http://paperpile.com/b/LpiUFr/fI6om
http://paperpile.com/b/LpiUFr/fI6om
http://dx.doi.org/10.1007/978-4-431-54628-3_8
http://paperpile.com/b/LpiUFr/fI6om
http://paperpile.com/b/LpiUFr/LCbpr
http://paperpile.com/b/LpiUFr/LCbpr
http://paperpile.com/b/LpiUFr/H1Zqh
http://paperpile.com/b/LpiUFr/H1Zqh
http://paperpile.com/b/LpiUFr/VLSXn
http://paperpile.com/b/LpiUFr/VLSXn
http://paperpile.com/b/LpiUFr/1xK7V
http://paperpile.com/b/LpiUFr/1xK7V
http://paperpile.com/b/LpiUFr/8bHki
http://paperpile.com/b/LpiUFr/8bHki
http://paperpile.com/b/LpiUFr/8bHki

24. Di Nardo, A. et al. Phenotypic Screen with TSC-Deficient Neurons Reveals Heat-Shock
Machinery as a Druggable Pathway for mTORC1 and Reduced Cilia. Cell Rep. 31, 107780

(2020).

127


http://paperpile.com/b/LpiUFr/w70fu
http://paperpile.com/b/LpiUFr/w70fu
http://paperpile.com/b/LpiUFr/w70fu

Publishing Agreement

It is the policy of the University to encourage open access and broad distribution of all
theses, dissertations, and manuscripts. The Graduate Division will facilitate the
distribution of UCSF theses, dissertations, and manuscripts to the UCSF Library for
open access and distribution. UCSF will make such theses, dissertations, and
manuscripts accessible to the public and will take reasonable steps to preserve these
works in perpetuity.

| hereby grant the non-exclusive, perpetual right to The Regents of the University of
California to reproduce, publicly display, distribute, preserve, and publish copies of my
thesis, dissertation, or manuscript in any form or media, now existing or later derived,
including access online for teaching, research, and public service purposes.

DocuSigned by:

Ma. Tuunkerpi 8/15/2024
B6ADA0487250A4CO... Author S|g nature Date

128



	Title_Page_for_Nia_Teerikorpi.pdf
	Thesis_NCT_V4.pdf
	Publishing_Agreement_for_Nia_Teerikorpi.pdf



