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Abstract

Human genetics has implicated hundreds of genes in brain development, maintenance, and func-

tion. Experimentally tractable animal models and culture systems have contributed greatly to under-

standing the function of these genes, but have limitations, beginning with their inability to capture

human-specific biology.

The Introduction chapter provides background on recent experimental approaches for studying

and modeling human neurogenetic diseases. The combination of modern technological develop-

ments in functional genomics applied to human brain tissue and stem-cell based models has offered

novel ways to molecularly dissect human neurological disease.

Chapter 1 focuses on applying this modern human-based genomic approach to probe the molec-

ular mechanisms underlying a human neurogenetic disorder in which the genetic cause has been

known for over 25 years. Ataxia-Telangiectasia (A-T) is an autosomal recessive multi-system dis-

order caused by mutations in the gene ATM that presents with progressive cerebellar neurode-

generation. Understanding disease pathogenesis has been hampered by the inability to generate

animal models that recapitulate hallmark human features of disease. We address this gap by ana-

lyzing single-nucleus RNA-sequencing (snRNAseq) of postmortem brain tissue from individuals

with A-T, generating mechanistic hypotheses that can then be tested using patient-derived induced

pluripotent stem cells (iPSCs). We identified transcriptomic signatures of microglial inflammation

in our snRNAseq analyses of postmortem A-T brains. To experimentally corroborate this finding,
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we studied microglia and neurons generated from A-T patient versus control iPSCs. Transcriptomic

profiling of A-T iPSC-derived microglia confirmed cell-intrinsic microglial activation of cytokine

production and innate immune response pathways compared to controls. Furthermore, adding A-T

microglia to co-cultures with either control or A-T iPSC-derived neurons was sufficient to induce

cytotoxicity. Taken together, these studies reveal that cell-intrinsic microglial activation may play a

critical role in the development and progression of neurodegeneration in Ataxia Telangiectasia.

Chapter 2 describes the discovery of a novel genetic cause of a neurodevelopmental disorder

(NDD) that presents with Autism SpectrumDisorder (ASD), attention-deficit hyperactivity disor-

der (ADHD), and behavioral dysregulation. We assembled a cohort of 38 individuals with de novo

loss-of-function (LoF) variants in the ciliogenic RFX family of transcription factors (RFX3, RFX4,

andRFX7) and demonstrate that pathogenic variants in these genes are associated with an overlap-

ping neurobehavioral phenotype. We show thatRFX3, RFX4, andRFX7 have enriched expression

in the developing and adult human brain and their X-box binding motif is enriched in cis-regulatory

regions of known ASD risk genes. These results implicate deleterious variation in RFX transcrip-

tion factors in cases of monogenic NDD and highlight them as potential critical transcriptional

regulators of neurobiological processes underlying NDD pathogenesis.

In Chapter 3 we dissect the molecular roles ofRFX3, using human iPSC-derived neurons and

forebrain organoids to understand how haploinsufficiency ofRFX3 alters brain development and

neuronal function. Transcriptomic analyses ofRFX3 dosage demonstrated disruption of ciliary

gene expression in RFX3-/- neurons (expected based on prior studies ofRFX3 in mice and worms)

while analyses ofRFX3+/- neurons revealed a previously unanticipated role forRFX3 in synaptic

gene expression. RFX3 deficiency led to decreased synchronization of neural network activity and

impaired induction of CREB targets in response to neuronal depolarization. Our results highlight

a novel role of the ciliogenic transcription factorRFX3 in shaping activity dependent responses and

synaptic plasticity in human neurons that is disrupted by haploinsufficiency.
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Chapter 4 highlights the potential for gene therapy development for neurogenetic conditions

includingRFX3 haploinsufficiency. Antisense oligonucleotides (ASO) are short, synthetic, se-

quences that can modulate gene expression levels in a titratable manner through several different

mechanisms. ASOs have the potential to restore functional protein levels in neurogenetic disease

by targeting mRNA processing inefficiencies. We found that the wild-type allele ofRFX3 has a nat-

urally occurring skipped exon that leads to nonsense-mediated decay (NMD). ASOs can promote

inclusion of the exon, thereby rescuing the transcript fromNMD and increasingRFX3 levels in

haploinsufficient human neurons. Our results suggest that the neurodevelopmental disorder caused

byRFX3 haploinsufficiency may be amenable to ASO-based therapy.

The Conclusion chapter synthesizes the insights from the studies presented and delineates po-

tential future directions. Taken together, this thesis highlights how functional genomics applied to

human brain tissue and iPSC-derived models of pediatric neurogenetic disorders can enable mecha-

nistic and interventional insights.
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0
Introduction

0.1 Benefits and limitations of traditional approaches to studying pediatric

neurogenetic disease

There are an estimated 7,000 rare and ultra-rare diseases caused by deleterious variants in single

genes. Remarkably, 90% of rare childhood diseases are neurological disorders or have major neu-

rological effects195. Pediatric neurogenetic disorders often present in early childhood with brain
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malformations, neurodevelopmental delay, neurodegeneration, or multi-systemic symptoms93. Hu-

man genetics has elucidated pathogenic variants in hundreds of genes that cause highly penetrant

monogenic neurological disorders, but elucidating the mechanisms by which these mutations lead

to disease has been challenging. Tractable and disease-recapitulating genetic models have the power

to illuminate the core functions of genes, understand disease pathogenesis, and enable development

of targeted therapies.

Animal models have been instrumental to advancing the understanding of both fundamental

neurobiology and disease. First, animal models can have features that make them particularly acces-

sible for studying aspects of nervous system development and function. One example is the large,

externally developing nature of Xenopus embryos, which was instrumental to studies that eluci-

dated the process of neural induction90,91,92. Another is the rapid life cycles and well-characterized

genomes of Drosophila and C. elegans that make them excellent tools for genetic screens. Animal

models are also amenable to complex genetic manipulation, such as conditional knockout with

spatiotemporal specificity, to understand the function of a gene in a specific cell type or develop-

mental time point. Second, animal models that are simpler with defined anatomy, such as C. elegans

where all 302 neurons and 7,000 synapses are identified with clear lineages, anatomical positions,

and morphology, provide elegant and robust systems for understanding how specific genes specify

neuronal fate, wiring, and function282. Third, animal models serve as genetically tractable systems

for studying behavior and their underlying circuits. Lastly, animal models of neurological disease

can contribute to our understanding of disease pathogenesis by allowing for in vivo disease modeling

under physiological conditions264,117.

However, inherent differences between animal models and humans impose constraints with

respect to extrapolating findings to human neurobiology and disease. While rodents are the most

common animal model in neuroscience,121 emerging insights on human-specific characteristics

of brain development reveal several limitations. The rodent brain is simply significantly less com-
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plex than the human brain; it has orders of magnitude less neurons, lacks gyri and sulci, and has

decreased cellular diversity17. Moreover, while many neuronal and non-neuronal cell types are con-

served between rodents and humans, species-specific cell types exist. For example, outer radial glia

give rise to the majority of cortical neurons in humans and are critical for the expansion of the hu-

man cerebral cortex, but are relatively rare in the mouse cortex210. Rodents and humans also di-

verge on epigenomic, genomic, and transcriptomic levels. Cell type specific chromatin accessibility

state and DNAmethylation signatures differed between humans and mice17. The human genome

also contains sequences with high rates of human-specific substitutions (defined as human accel-

erated regions)209 and human-specific genomic rearrangements such as deletions and segmental

duplications147. Transcriptomically, species-specific patterns of alternative splicing have been ob-

served19,181. In addition, neuronal transcriptional response to external stimuli (activity-dependent

gene expression programs) also differ between humans and mice213,11. These genetic differences

may affect the regulation of gene expression and therefore cellular phenotypes in rodents compared

to humans. Lastly, the symptoms for establishing neuropsychiatric diagnoses in humans often do

not have clear corresponding symptoms in rodents194, and animal models sometimes do not reca-

pitulate the severity of human disease phenotypes. For example, Ataxia-Telangiectasia (A-T) is a

progressive neurodegenerative condition caused by biallelic loss-of-function mutations in ATM,

and is characterized by severe ataxia due to atrophy of the cerebellum234. Yet, rodent models of com-

plete ATM loss fail to recapitulate the progressive ataxia and cerebellar degeneration characteristic

of the human disease for reasons that are still unclear144. Overall, these limitations hinder our ability

to understand the molecular mechanisms by which mutations in a single gene contribute to disease

pathogenesis.
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0.2 Approaches to studying human-specific biology

Powerful new experimental techniques have greatly enhanced our ability to understand unique as-

pects of human biology, ranging from the ability to understand postmortem human disease pathol-

ogy at single-cell resolution, to the ability to recapitulate human developmental processes responsi-

ble for generating specific cell types and tissues with induced pluripotent stem cells (iPSCs). Human

tissue and iPSC-derived models are complementary approaches that together provide an oppor-

tunity to discover unique insights into human neurobiology and disease while overcoming certain

limitations of animal models.

Human postmortem brain tissue provides insights on patient-specific brain pathology. While

traditionally post-mortem tissue could only be studied histologically, recent advances in molecular

biology and functional genomic technologies permit molecular dissection of post-mortem tissue.

Single-nucleus RNA-sequencing (snRNA-seq) of normal human postmortem brain tissue deep-

ened our understanding of the cellular diversity of the human brain138,137. snRNA-seq has also

revealed cell type specific molecular alterations in several human neurological disorders from neu-

rodevelopment to neurodegeneration, including autism spectrum disorder (ASD), epilepsy, major

depressive disorder, Alzheimer’s disease (AD), and multiple sclerosis275,207,191,175,118. These studies

illustrate how snRNA-seq of postmortem tissue can provide insight into the transcriptional signa-

tures of disease, implicate particular cell types, and propose pathophysiological mechanisms.

There are several important factors to consider when studying human tissues. While postmortem

tissue allows insights into patient pathology, it often represents the disease end point, and freshly

isolated brain tissue from desired stages of disease in living patients (especially pediatric patients)

is difficult to obtain. Moreover, individuals have covariates such as postmortem interval (PMI),

age, sex, and comorbid conditions that need to be controlled through closely matched cohorts of

patients and controls302. In addition, postmortem tissue is not dynamic and cannot be manip-
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ulated for mechanistic studies, making it difficult to distinguish between primary and secondary

consequences of disease. Therefore, combining the study of human tissues with an experimentally

manipulatable system permits the testing of pathophysiological mechanisms.

Human induced pluripotent stem cells (iPSCs) have revolutionized our ability to generate ex-

perimentally manipulatable human-based models of disease (1). iPSCs are cells that are capable of

self-renewal and differentiation into any somatic cell type259. In a landmark study, human dermal

fibroblasts were reprogrammed into iPSCs using four transcription factors, OCT4, SOX2, KLF4,

and C-MYC259. Since then, numerous protocols for differentiating iPSCs into cell types of the

brain have emerged. Early protocols for generating cortical glutamatergic neurons involved small-

molecule inhibition of BMP and TGFb pathways (“dual SMAD inhibition”)153,239. Then, it was

demonstrated that overexpression of a single transcription factor,NGN2, led to efficient genera-

tion of a relatively homogeneous population of cortical L2/3-like excitatory neurons in under 2

weeks299. GABAergic neurons can also be generated from iPSCs using small molecule inhibitors

of WNT and SMAD signaling coupled with SHH to induce ventral telencephalic fate160, or tran-

scription factor reprogramming with overexpression of ASCL andDLX2290. Protocols for differ-

entiation of more specialized neurons, such as dopaminergic and motor neurons have also been

developed135,100. In addition to iPSC-derived neuronal models, it is also possible to differentiate

glial cells from iPSCs. Overexpression of SOX9 andNFIB differentiates iPSCs into astrocyte-like

cells, while overexpression of SOX10, OLIG2, andNKX6.2 can induce formation of oligodendro-

cytes38,63. iPSCs can also be differentiated into brain-resident cells from non-neural lineages, such as

microglia, through overexpression of SPI1 and CEBPA40. Importantly, each of these iPSC-derived

cell types molecularly and functionally resemble the corresponding cell type in the human brain.

They had similar transcriptome profiles and demonstrated similar key functional properties, such

as neuronal action potential firing299, astrocytic glutamate uptake38, oligodendrocytic myelin for-

mation63, and microglial phagocytosis40. In Chapter 1, we illustrate how single-cell analysis of pa-
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Figure 1: Generation of human iPSC‐derived models of the brain. Human fibroblasts can be reprogrammed into iPSCs
and then differentiated into 2D or 3D models of the brain to enable discovery of dysregulated molecular pathways or
drug screening.

tient postmortem tissue can generate mechanistic hypotheses about cell type involvement in disease,

which we then experimentally test using iPSC-derived models.

iPSC-derived models of the brain can provide insight on the molecular cascades that give rise to

neurodevelopmental disorders by enabling the study of early development. iPSCs can be generated

from patients to directly model the disease and link known genotypes to phenotypes. Advances

in gene editing have further improved the utility of iPSCmodels by facilitating the creation of iso-

genic lines. Isogenic lines allow dissection of the effects of a genetic variant without potentially

confounding differences in genetic background9. For example, CRISPR-Cas9 can be used to cor-

rect a pathogenic variant in a patient iPSC line and determine which phenotypes are rescued, and
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therefore are likely caused by the variant. Alternatively, CRISPR-Cas9 can also be used to intro-

duce pathogenic mutations into control iPSC lines. These isogenic systems enable well-controlled

experiments to be designed to probe biological and pathological mechanisms and establish causality

between genotype and phenotypes.

One of the first iPSC disease models was derived from a patient with spinal muscular atrophy

(SMA)60. SMA is an autosomal recessive neurogenetic disorder caused by disruptions of the gene

SMN1 that leads to selective degeneration of lower motor neurons. This study demonstrated that

iPSCs could be generated from patient dermal fibroblasts and differentiated into a motor neuron-

like fate (marked by expression of choline acetyltransferase, ChAT ). Compared to iPSC-derived

neurons from the unaffected mother, the SMA neurons had a significant decline in the number and

size of motor neurons by 6 weeks in culture, indicating that SMA iPSC-neurons recapitulate the

disease phenotype of motor neuron degeneration60. Over the past decade, patient-derived iPSCs

have been used to model many neurogenetic conditions including neurodevelopmental, neuropsy-

chiatric, and neurodegenerative diseases. Fragile X syndrome (FXS) is one of most common inher-

ited neurodevelopmental disorders caused by an expanded trinucleotide repeat (CGG) in the gene

FMR1. iPSCs derived frommultiple patients with FXS demonstrated impaired neuronal differen-

tiation (decreased Tuj1 positive cells and neurite length) that correlated with CGG repeat length

and epigenetic silencing of FMR1238. Rett syndrome is another common neurodevelopmental

disorder in females caused by disruption of the X-linked geneMECP28. Rett syndrome iPSCs

also demonstrated defects in neuronal differentiation compared to controls, with decreased Tuj1-

positive cells and decreased expression of neuronal maturation markers PAX6 and SCN1A170,129.

Patient-derived iPSCs also enable modeling of genetically complex or idiopathic neuropsychiatric

conditions such as schizophrenia (SCZ) and idiopathic autism (ASD). iPSC-derived neurons from

SCZ patients demonstrated decreased neuronal connectivity and number of neurites that could be

reversed by treatment with the antipsychotic loxapine30. Idiopathic ASD iPSC-derived neural pro-
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genitors demonstrated increased cell proliferation consistent with the macrocephalic phenotype in

the ASD individuals, and their neurons had reduced synaptogenesis resulting in decreased neuronal

network activity169. Finally, iPSCmodels have also been used to understand neurodegenerative

diseases, including Alzheimer’s disease110, amyotrophic lateral sclerosis230, and frontotemporal de-

mentia5. These studies demonstrate that patient-derived iPSCmodels can illuminate molecular and

cellular mechanisms of monogenic and genetically complex neurological disorders.

0.3 The rise of 3D organoid models

While iPSC-derived neurons and glial cells allow the study of a relatively homogeneous cell type,

brain organoids are self-organized, 3D culture systems that can recapitulate additional features of

the human brain, including diversity of cell types, structural organization, and developmental tra-

jectories140,204,274. scRNA-seq of dorsal forebrain organoids revealed major cell types found in the

developing human cortex, including progenitors, glutamatergic neurons, and astroglia274. Impor-

tantly, human iPSC-derived brain organoids can generate human-specific cell types, such as outer

radial glia within progenitor zones140. The transcriptomes of cerebral organoids are also highly cor-

related with that of endogenous human fetal tissue and most closely resembles mid-gestation human

cortex274,24. Organoids also temporally recapitulate developmental stages of neurogenesis, with the

production of progenitors, followed by neurons resembling deep layer neurons, upper layer neu-

rons, and finally astroglia274,24,269,218. Overall, organoids enable the study of multiple cell types in a

disease, as well as non-cell autonomous disease phenotypes and processes.

In the past decade, several different methods for generating cerebral organoids have emerged140,274,24,204.

Brain organoids can be broadly classified into “unguided” versus “guided”. Unguided cerebral

organoids spontaneously generate a high diversity of neural cell types that may reflect multiple

anatomical regions such as retina, cortex, and cerebellum with variability between individual organoids140,205.
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Guided organoids are exposed to additional small molecules or factors that instruct the organoid to

develop into a particular region of the nervous system, such as dorsal forebrain, ventral forebrain,

hypothalamus, retina, or striatum15,24,106,277,185. Guided organoids tend to be more reproducible

than unguided organoids in that individual organoids develop similar cell types at similar propor-

tions274. Multiple organoids can also be combined to generate an “assembloid”. Assembloids con-

taining different regionalized organoids allow the modeling of processes such as circuit assembly

and cell migration. For example, fused cortical and thalamic organoids developed reciprocal axon

projections, resembling the human thalamus and cortex287. In other studies, assembly of dorsal and

ventral forebrain organoids modeled the migration of interneurons produced in ventral forebrain

into dorsal forebrain15,24. Assembloids can also be generated from organoids from different individ-

uals or different species to study individual variation or species-specific phenotypes205.

Remarkably, organoids can be transplanted in vivo into animals to model disease in a physio-

logical context167,218,205. One of the first studies to transplant a human brain organoid into adult

mouse brain demonstrated that the grafted organoid developed axon projections throughout the

host brain, became vascularized by the host and infiltrated by host microglia, and functionally inte-

grated into the host synaptic circuits167. Organoids have also been transplanted into newborn rat

cortex when neuronal circuits are still under development218. The grafted organoids integrated into

circuits with native rat neurons and optogenetic stimulation of human neurons could modulate the

rat behavioral response in a reward-training task218. Transplanted organoid models have the advan-

tages of modeling human neurological disease under physiological conditions to study circuit level

phenotypes such as behavior.
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0.4 Advantages and limitations of iPSC models

Each iPSCmodel system has unique characteristics that may serve as advantages or limitations de-

pending on the scientific question of interest (Table 1). While methods for developing several types

of neurons, glia, and region-specific cerebral organoids have been established, there are still cell types

that have been relatively challenging to differentiate from iPSCs. For example, cerebellar organoids

have taken longer to develop, although a very recent study was able to generate organoids containing

cells resembling mature Purkinje and granule neurons41. In addition, differentiated cell types tend

to be relatively immature and are more transcriptionally similar to human fetal cell types than adult

cell types. iPSCs derived from patients and individuals are also genetically heterogeneous which

may introduce variability in observations and hinder reproducibility9. Best practices recommended

in the field9 include the use of isogenic controls when possible, multiple iPSC-lines and clones. In

order to compare diseases with controls, the same techniques for reprogramming and differentia-

tion should be applied, and disease and control lines should be closely matched in terms of donor

characteristics such as age and sex.

Another limitation of current organoid methods is the lack of intrinsic formation of non-neural

lineage cell types such as microglia and endothelial cells. Microglia are the key brain-resident im-

mune cells and are important for synaptic pruning, homeostatic maintenance, and response to in-

jury115. While organoids do not naturally develop microglia, iPSC-derived microglia can invade

and integrate organoids when co-cultured212. Vascularization is important for the delivery of oxy-

gen and nutrients throughout the organoid and would enable longer-term culture that is currently

limited by formation of necrotic centers due to the lack of oxygen and nutrient penetration37. One

study demonstrated that induced expression of ETV2 could promote formation of a vascular-like

network in human cortical organoids37, and development of similar approaches for nutrient deliv-

ery and improved organoid viability are on-going.
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Table 1: Advantages and limitations of iPSC‐models

2D iPSC-models 3D organoids Transplanted organoids

Cell type diversity Relatively homogeneous Recapitulates diversity of human brain
but lacks non-neural lineages

Infiltration of microglia
and vascularization

Cell-cell interactions Requires co-culture to study
interaction between different cell types

Interactions in self-organized
3D environment

Can study interactions
between graft and host brain

Cytoarchitecture None Resembles human brain (forms oSVZ) Improved maturation
and cytoarchitecture

Environment in vitro in vitro in vivo

Cost Relatively inexpensive More expensive Most expensive

0.5 Insights from functional genomics of human and iPSC models of neuro-

genetic disorders

Functional genomics involves genome-wide studies to understand gene functions and genotype-

phenotype relationships95. Advances in multi-omic technologies can be applied to human brain

tissue and iPSC-derived models to enable unbiased characterization of chromatin state, epigenetic

signatures, DNA variants, and transcriptomic profiles of neurological diseases. For example, ATAC-

seq is a method for mapping genome-wide chromatin accessibility, which can highlight genomic

regions containing permissible or active regulatory elements34. ChIP-seq and CUT&RUN-seq

are approaches for profiling genome-wide epigenetic marks and protein-DNA interactions, such

as transcription factor binding sites116,20,243. Whole genome sequencing enables detection of ge-

netic variants, including single nucleotide variants, insertions and deletions, and copy number vari-

ations22. RNA-seq characterizes the transcriptome of a biological specimen, which can vary for

different tissues, developmental stages, or physiological conditions279. The recent development of

single-cell and spatial technologies provides higher resolution characterization of cell type diversity,

cell-cell interactions, and cell type specific alterations in disease226,273. In Chapter 1 and Chapter

3, we combine each of these functional genomic approaches (”multi-omic analysis”) to understand

neurodevelopment and degeneration in monogenic disorders.

11



The application of these functional genomic approaches to human tissue and model systems

has begun to provide mechanistic insights on disease pathogenesis for neurodevelopmental disor-

ders. Characterization of genome-wide histone acetylation in brains from individuals with ASD

compared to controls revealed regions with abnormal acetylation near genes involved in synaptic

transmission256. Transcription factor binding motifs within these differentially acetylated regions

were enriched for RFX, PAR bZIP, AP-1, andMEF2 motifs, indicating that these transcription fac-

tors may either mediate or be impacted by aberrant histone acetylation in ASD256. RNA-seq anal-

ysis of postmortem brain from over 100 individuals with ASD and controls identified broad tran-

scriptomic alterations across multiple cortical regions in ASD that converged on downregulation

of genes involved in synaptic signaling72. Dysregulation of specific cell types in ASD has also been

illuminated by snRNA-seq of cortical tissue from individuals with ASD compared to controls275.

Characterization of cell type specific transcriptomic changes revealed that upper layer excitatory

neurons were preferentially affected in ASD, and gene expression dysregulation in these neurons

correlated with clinical severity275. Taken together, these studies of brain tissue from individuals

with ASD implicate dysfunction of synaptic transmission and upper layer cortical neurons in ASD

pathogenesis.

Functional genomic characterization of iPSC-derived neurons and organoid models of ASD

offers the advantage of testing mechanistic hypotheses over postmortem tissue. One of the first

studies to generate organoids from iPSCs from individuals with severe idiopathic ASD used tran-

scriptome analyses to identify upregulation of genes involved in cell proliferation that was associated

with accelerated cell cycle and overproduction of inhibitory neurons171. It was demonstrated that

this phenotype was dependent on upregulation of FOXG1, and the degree of FOXG1 upregula-

tion also correlated with symptom severity171. Another study used gene editing to generate cortical

organoids with heterozygous loss-of-function variants in three highly penetrant ASD risk genes

(SUV420H1, ARID1B, and CHD8). scRNA-seq analysis of these three models of monogenic ASD
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revealed convergent phenotypes involving accelerated development of inhibitory neurons203. These

studies demonstrate the power of functional genomic characterization of iPSC-based models for in-

vestigating neurodevelopmental alterations in ASD. In Chapter 3, we use this approach to perform

a functional genomic dissection of iPSC-derived neurons and organoid models to study the basic

function of another highly penetrant ASD risk gene,RFX3, in human neurodevelopment.

0.6 Human based disease modeling for drug discovery

iPSC-based models serve as a platform that can be scaled for high throughput drug screening. Iden-

tifying compounds that modulate disease phenotypes in iPSCmodels may highlight specific molec-

ular pathways as novel targets for disease-modifying therapies. In one study, compounds were

screened in iPSC-derived neurons from a patient with a neurodevelopmental disorder caused by

SHANK3 haploinsufficiency, to identify candidates that could increase SHANK3 expression and

reverse disease phenotypes48. This led to the identification of lithium and valproic acid as candidate

molecules with disease modifying potential. iPSCs can also be used to stratify patients into clini-

cal cohorts based on their response to certain treatments. In a study of iPSC-derived neurons from

patients with bipolar disorder, neuronal phenotypes segregated in a manner that correlated with

clinical response to lithium250. In addition to screens for therapeutic efficacy, iPSCmodels can be

leveraged to monitor and predict drug toxicity104. One study differentiated neurons from iPSCs

from a population of individuals and identified 22 hit compounds with neurotoxicity in vitro, two

of which were confirmed in vivo in mouse models104. Therefore, iPSCs can facilitate high through-

put screening for drug efficacy and toxicity as a cost-effective step prior to preclinical animal studies.

iPSCmodels can also enable development of gene-based therapies. Antisense oligonucleotides

(ASOs) are short, single-stranded nucleotides that modulate gene expression by complementary

binding to mRNA transcripts219. One major class of ASOs are splice modulating ASOs. ASOs can
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modulate splicing by blocking splicing enhancer or silencer cis-regulatory elements102. This makes

them a potential therapeutic approach for correcting pathogenic splicing variants or regulating gene

expression through exon inclusion or skipping. However, alternative splicing patterns can vary be-

tween cell types and species200,198, making it difficult to understand the impact of a patient muta-

tion on splicing patterns if using more accessible cell types such as patient fibroblasts or animal mod-

els. Differentiating patient iPSCs into the most relevant cell type allows us to identify the splicing

patterns that can be targeted by an ASO, enabling ASO design and screening in models of relatively

inaccessible tissues such as the brain. In Chapter 4, we demonstrate how ASOs can be designed and

tested in iPSC-derived neurons to restore the expression of genes disrupted in neurodevelopmental

disorders.

0.7 Concluding remarks

In conclusion, patient tissues and gene-edited iPSCmodels of the brain are complementary systems

that together have the ability to capture molecular, cellular, and functional phenotypes of neuro-

genetic disorders. This thesis illustrates how these models, combined with functional genomics,

present unique opportunities to investigate underlying mechanisms and enable development of

novel therapies for human disease.
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ATM-deficiency induced microglial

activation promotes neurodegeneration in

Ataxia-Telangiectasia

This section is based on the following manuscript in which I made significant contributions during

my PhD studies:

Lai J, Demirbas D, Kim J, Jeffries AM, Tolles A, Park J, Chittenden TW, Buckley PG, Yu TW,

LodatoMA, Lee EA. ATM-deficiency induced microglial activation promotes neurodegeneration

in Ataxia-Telangiectasia. bioRxiv. 2023. doi: https://doi.org/10.1101/2021.09.09.459619. Sup-

plementary Material: All supplementary material can be found in the supplement of Lai et al.,

bioRxiv 2023.

1.1 Introduction

Selective degeneration of the cerebellum occurs in genetic ataxias such as Ataxia Telangiectasia (A-

T). However, the mechanisms underlying cerebellar degeneration remain poorly understood. A-T

is an autosomal recessive multi-system disorder caused by mutations in the gene ATM 234. It af-

fects as many as 1 in 40,000 live births and typically presents in early childhood with a median age of

diagnosis of 6 years)206. Clinical features of A-T include progressive impairment of gait and coor-

dination due to cerebellar neurodegeneration, immunodeficiency, and increased predisposition for
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cancers. There are currently no therapies to slow neurodegeneration in A-T206.

ATM is a multifunctional kinase known for its role in DNA damage response to double strand

breaks (DSB)234,143. DNA damage leads to ATM activation, which phosphorylates downstream

regulators of cell cycle arrest, DNA repair, and apoptosis280. Additionally, ATM plays a role in cel-

lular metabolism. ATM can form a dimer that mediates mitochondrial redox sensing and regulates

antioxidant capacity298. Moreover, ATM deficiency leads to upregulation of autophagy and perinu-

clear accumulation of lysosomes, implicating ATM in lysosomal trafficking42.

While ATM has roles in diverse cellular functions, it remains unclear how ATM loss-of-function

leads to selective and progressive degeneration of Purkinje and granule neurons in the cerebellum.

Atm-null mice do not recapitulate the cerebellar degeneration found in human A-T patients144, but

bulk transcriptomic analyses of human brain tissue and neuronal models have begun to offer some

insights into dysregulated pathways in A-T. Expression of ITPR1, a calcium channel that is highly

expressed in Purkinje cells and is associated with spinocerebellar ataxias, is significantly altered in

A-T cerebellum113. Transcriptome analyses of induced pluripotent stem cell-derived cerebellar-like

neurons from individuals with A-T and controls have also revealed alterations in pathways related

to synaptic vesicle cycling, oxidative stress, and insulin secretion193. However, it remains unresolved

whether bulk transcriptomic changes reflect loss of certain cell types in A-T, or perturbation of

cellular functions in specific cell types.

Emerging evidence implicates dysfunctional microglia in the pathogenesis of A-T. Human cel-

lular models of microglia with ATM deficiency reveal dysfunctional phagocytosis of neuronal

processes27. However, whether microglia activation is present in A-T patient brains, whether the

microglia are reactive to cell-intrinsic or extrinsic signals, and their role in neurodegeneration remain

unknown. Characterization of microglia and their transcriptional signatures in human A-T brain

may provide further insight on mechanisms that underlie cerebellar degeneration in A-T.

Single-cell technology has provided insight on the cell-type-specific effects of neurological dis-
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eases including Alzheimer’s disease (AD), Huntington’s disease, Multiple Sclerosis, Autism, and

Major Depressive Disorder175,235,275,145,190. However, data from human adult cerebellum in health

and degeneration has not yet been explored. Here, we present the largest single-nucleus transcrip-

tomic atlas of adult human cerebellar vermis and the first atlas of cerebellar degeneration to-date.

We profiled 126,356 nuclei from the postmortem human cerebellar vermis of six individuals with

genetically confirmed A-T and seven matched control individuals. In addition, we profiled 86,354

nuclei from postmortem human prefrontal cortex (PFC) from two A-T and two matched control

individuals. We annotated major cell types in the human cerebellum and PFC, and identified cell

type proportion changes between A-T and controls. We also demonstrated cell-type-specific ex-

pression of cerebellar ataxia-associated disease genes, some of which were significantly dysregulated

in A-T Purkinje neurons, supporting a convergence in disease pathophysiology underlying several

hereditary ataxias. We analyzed the cell-type-specific molecular pathways perturbed in A-T across

these brain regions, revealing prominent and widespread activation of pro-inflammatory pathways

in A-T microglia. Pseudotime analysis revealed that activation of A-T microglia preceded upreg-

ulation of apoptosis related genes in granule and Purkinje neurons, while ligand-receptor analysis

suggested that microglia have increased neurotoxic cytokine signaling to granule and Purkinje neu-

rons in A-T. We experimentally interrogated the role of microglia in neurodegeneration using A-T

patient and control iPSC-derived microglia (iMGL) and neurons (iN). Transcriptomic profiling of

A-T patient iMGL revealed cell-intrinsic microglial activation of pro-inflammatory pathways, and

A-T patient iMGL were sufficient to induce elevated cytotoxicity of co-cultures with control and

A-T iNs. Overall, our data suggests that activated microglia are central to A-T pathophysiology and

cerebellar degeneration.
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1.2 Results

1.2.1 snRNA-seq profiling of A-T human cerebellum and prefrontal cortex

A-T presents with prominent loss of motor coordination associated with early selective atrophy

of the cerebellum. To investigate cell type and region-specific perturbations in A-T, we performed

single-nucleus RNA-sequencing (snRNA-seq) of human postmortem tissues from the cerebellar

vermis (the region with the most prominent atrophy in A-T261) and prefrontal cortex (PFC) (Figure

1.1A). We profiled six cerebella from neuropathologically and genetically confirmed A-T cases and

seven control cerebella, as well as matched A-T and control PFC from two cases each (Table S1.1-

S1.4). The ages of the A-T cases ranged from 19 to 50 years old (mean age 28 years). Biallelic ATM

variants (with evidence of pathogenicity in ClinVar141) were confirmed in all six A-T cases by whole

genome sequencing (WGS) (Table S1.5, Figure A.2). All cases were balanced for age, sex, RNA

integrity number (RIN), and postmortem interval (PMI) (Tables S1.1-S1.2). After quality control

and doublet filtering253,178,70, there were 126,356 cerebellar nuclei (51,297 A-T; 75,059 control)

and 86,354 PFC nuclei (16,979 A-T; 69,375 control) for downstream analysis (Figure A.2).

1.2.2 Single-nucleus RNA-seq recapitulates neuropathological hallmarks

and reveals increased glial populations in A-T cerebellum

To distinguish cell types in the cerebellum, we used Seurat253 to perform graph-based clustering

with the Leiden algorithm and annotated clusters based on the expression of canonical marker

genes and existing single-cell atlases of the cerebellum139,134. Ten major cell types were identified,

including the cerebellum specific granule cells (RIMS1, GRM4), Purkinje cells (ITPR1, CALB1),

and Bergmann-glia (TUBB2B, AQP4), as well as interneurons (GAD1, PVALB), astrocytes (TTN,

AQP1), oligodendrocytes (PLP1,MBP), oligodendrocyte precursor cells (OPC) (PDGFRA, OLIG1),
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Figure 1.1: Dissecting cell type specific contributions to neurodegeneration in Ataxia Telangiectasia using single‐nucleus
RNA‐sequencing of postmortem brain and patient iPSC‐derived cultures. A. Schematic overview of snRNA‐seq ex‐
perimental design and computational analyses. B. Schematic overview of A‐T patient and control human iPSC‐derived
experimental design. N represents the number of independent culture wells. MG, microglia. PC, Purkinje cells. GC,
granule cells. iMGL, iPSC‐derived microglia. iN, iPSC‐derived neurons.
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microglia (CD74, CSF1R), endothelial cells (CLDN5, VWF ), and fibroblasts (DCN, APOD) (Fig-

ure 1.2A-B). We annotated PFC cell types by reference-based mapping with SingleR, using an exist-

ing human PFC snRNA-seq dataset as the reference275,10. There were thirteen cell types identified,

including astrocytes, microglia, endothelial cells, oligodendrocytes, OPCs, and multiple subtypes of

excitatory and inhibitory neurons (Figure A.3A).

Next, to understand the patterns of cerebellar cell loss in A-T, we examined the cell type pro-

portions in A-T compared to controls. Due to the negative covariance structure of compositional

data—as one feature increases, the other features must decrease—we implemented Dirichlet multi-

nomial modeling using HamiltonianMonte Carlo (DMM-HMC) to estimate the cell type propor-

tions in A-T and control86. We generated multinomial distributions of cell type proportions for

each sample based on the nuclei counts (Table S1.3), and used these to construct a Dirichlet distri-

bution of cell type proportions in A-T and controls. To determine the relative shift in abundance of

each cell type in A-T versus control, we subtracted the control posterior probability distribution of

proportions from the A-T distribution (Figure 1.2D). Granule cells were significantly decreased in

A-T (Figure 1.2C-D, 89% credibility interval). Purkinje cells were reduced in abundance, although

not significantly, possibly due to individual sample variability and decreased power for detecting

changes in rare cell types. In addition, astrocytes, Bergmann-glia, microglia, and oligodendrocytes

showed significant increases in A-T compared to control (Figure 1.2D, 89% credibility interval). In

contrast, permutation testing of disease labels (A-T versus control) showed no significant differences

for any cell type, as expected (permutation n=500, Figure A.2E). Unlike A-T cerebellum, there was

no evidence of neuronal loss in A-T PFC (Figure A.3B). However, oligodendrocytes were signifi-

cantly decreased in A-T PFC compared to control (Figure A.3B), consistent with reports of cortical

white matter degeneration in A-T224,267. Taken together, these results are consistent with the neu-

ropathology autopsy reports from individuals with A-T, which describe granule and Purkinje cell

atrophy and gliosis in the cerebellum while the PFC is grossly unremarkable (Table S1.4).
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1.2.3 Monogenic cerebellar disease genes are expressed in specific cell types

Next, we characterized the expression of ATM across cell types in the cerebellum and PFC. ATM

had the highest expression in microglia in adult control human cerebellum and PFC (Figure A.4A).

To investigate human developmental expression patterns, we profiled the expression of ATM in a

snRNA-seq dataset of human control fetal cerebellum27, which also revealed the highest expression

of ATM in microglia (Figure A.4B). Taken together, these data suggest an important role for ATM

in microglia during normal cerebellar development.

Given that ATM is enriched in microglia, we asked whether additional hereditary ataxia genes are

enriched in specific cerebellar cell types. We curated a list of genes implicated in human hereditary

ataxias using the Online Mendelian Inheritance in Man (OMIM) database (Table S1.6) and pro-

filed their expression in control cells. We found that like ATM, most hereditary ataxia disease genes

demonstrate cell-type-specific patterns of expression (Figure A.4C; Bonferroni adjusted p-value

< 0.05, t-test). Cerebellar disease gene expression was most commonly enriched in Purkinje cells,

including the potassium and calcium ion related genesKCND3, PRKCG, CACNA1G, ITPR1,

TRPC3, andKCNC3. Microglia also showed enriched expression of several ataxia disease genes

(ATM, TPP1, SETX, andVPS13D) (Figure A.4C). These gene expression patterns implicate Purk-

inje cells and microglia in the pathogenesis of cerebellar ataxias.

1.2.4 Transcriptional dysregulation across cell types in A-T

To investigate the cell types and molecular pathways that are most perturbed in A-T cerebellum, we

performed differential gene expression analysis between A-T and control for each cell type (Ta-

ble S1.7). Astrocytes, microglia, and oligodendrocytes had remarkably high numbers of DEGs

(n=1,631, 1,577, 1,563 respectively) while granule cells had the least (n=265). These data suggest

that while granule cells degenerate in A-T, their gene expression program is less dysregulated than
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other cerebellar cell types such as glia.

Next, we performed Gene Ontology (GO) analysis on the DEGs found in each cerebellar cell

type to gain insight into the biological processes dysregulated in A-T. Consistent with the loss of

Purkinje and granule cells in A-T, both cell types had significant upregulation of genes involved in

apoptotic signaling (Figure 1.3A-B, Figure A.5A, Table S1.8). A-T Purkinje and granule cells also

upregulated genes involved in ribosome assembly and biogenesis, which has been observed in several

studies of aging brains296,288. A-T microglia specifically demonstrated upregulation of immune

response related genes involved in microglial cell activation, phagocytosis, and cytokine production

(Figure 1.3C).

Activated microglia associate with sites of injury and pathological changes across various neu-

rodegenerative diseases245 and can induce local neurodegeneration by phagocytosis of synapses and

secretion of neurotoxic cytokines192. We thus sought to characterize the spatial distribution and

number of microglia in A-T and control cerebellum by immunostaining for CD11B, a microglia

marker that is upregulated in activated microglia222, in four A-T cerebellum and three matched

control cerebellum samples (Table S1.9). In A-T cerebellum, there were increased CD11B+ cells

throughout the white matter, granule layer, and molecular layer compared to control cerebellum

(Figure 1.3D). Across all layers, the number of CD11B+microglia per area was significantly higher

in A-T compared to control (Bonferroni adjusted p-values< 1e-04, Mann-Whitney U test) (Figure

1.3D). These data confirm that A-T cerebellum has a widespread increased presence of activated

microglia.

1.2.5 Dysregulated calcium signaling in Purkinje neurons in A-T

GO analysis of genes downregulated in A-T revealed significant enrichment of calcium related path-

ways (calcium ion transport, regulation of cytosolic calcium ion concentration, cellular calcium ion

homeostasis) in A-T Purkinje cells (Figure 1.3A, Figure A.5, Table S1.10). Among these genes was
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Figure 1.3 (Continued). A‐C. Select enriched GO biological processes among DEGs in A) A‐T Purkinje neurons, B) gran‐
ule neurons, C) microglia. Select genes in each pathway and their log2 fold‐changes (A‐T/control) shown in the heatmap.
Barplot shows significance of pathway enrichment among upregulated genes (red) and downregulated genes (blue). D.
CD11B immunostaining of postmortem cerebellar cortex from A‐T and control. WM: white matter. GL: granule layer.
ML: molecular layer. Quantification of CD11B‐positive cells across cerebellar cortex layers in AT and control. Error bar
represents 95% confidence interval. ****Bonferroni‐adjusted p‐value<1e‐04, Mann‐Whitney U test.

ITPR1, an endoplasmic reticulum (ER) calcium channel that causes spinocerebellar ataxias in an

autosomal dominant manner272,105 (Figure 1.3A). We asked whether additional cerebellar disease

genes are differentially expressed in A-T. Hereditary ataxia genes with enriched expression in Purk-

inje cells (i.e.,KCNC3, PRKCG, ITPR1, KCND3, CACNA1G) were significantly downregulated

in A-T Purkinje cells (Figure A.7A). These disease genes were also enriched for calcium processes

(calcium ion transport and regulation of cytosolic calcium ion concentration) (Figure A.7B). These

results suggest that ATMmay be an upstream activator of calcium signaling and points to converg-

ing underlying mechanisms of a subset of hereditary ataxias in Purkinje cells. HDAC4 is a known

negative regulator of calcium ion genes (ITPR1, DAB1)229, and ATM is an inhibitor ofHDAC4.

Loss of ATM leads to nuclear accumulation ofHDAC4, which could lead to dysregulated expres-

sion ofHDAC4 target genes149. In support of this, there was significant overlap betweenHDAC4

targets and A-T downregulated genes (p-value 6.08e-22, Fisher’s exact test, Figure A.7C). Taken

together, these findings support that abnormal calcium ion homeostasis may be a consequence of

ATM loss of function in Purkinje neurons, which may lead to aberrant firing patterns and ataxic

phenotypes87,96.

1.2.6 Activated microglia in A-T cerebellum share transcriptomic signatures

with aging and neurodegeneration-associated microglia

Microglia in A-T cerebellum express activation markers, including strong upregulation of the com-

plement genes, C1QA, C1QB, C1QC, and C3 (Figure 1.4A). Increased expression of complement
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is associated with microglial activation in neurodegenerative diseases such as Alzheimer’s disease

(AD)285, where they have been shown to mediate synaptic loss and dysfunction112,98. To assess

whether A-T cerebellar microglia share additional features associated with microglia in aging and

other neurodegenerative disorders, we compared the upregulated genes in A-T cerebellar microglia

with three gene sets: markers of aged human microglia, AD associated microglia markers from a hu-

man snRNA-seq study of AD, and markers of disease associated microglia (DAM) from a murine

model of AD175,199,123. We found significant overlaps between A-T cerebellar microglia upregu-

lated genes and these three gene sets with the highest overlap with aging microglia (Fisher’s exact test

p-values < 1e-13; Figure 1.4B-C). TREM2, TSPO,MS4A6A, complement components, andMHC

class II genes were among the overlapping genes, which have been associated with neuroinflamma-

tion and microglia activation59 (Figure 1.4C). GO enrichment analysis of the overlapping genes and

A-Tmicroglia specific upregulated genes revealed common enrichment in immune response and

RNA processing related pathways, and A-T specific enrichment of cytoskeletal organization, ER

stress, and regulation of neuron projection development (Figure 1.4D). Overall, these data show

that A-T cerebellar microglia share transcriptomic signatures found in aging and other neurodegen-

erative diseases.

1.2.7 Differential activation of microglia in A-T cerebellum versus PFC

To systematically compare gene expression changes in A-T cerebellum with A-T PFC, we identified

genes and pathways that are more significantly changed in A-T cerebellum than A-T PFC in cell

types common to the two brain regions (microglia, OPC, oligodendrocytes, astrocytes, endothelial

cells) (Figure A.8, Tables S1.11-1.16). While both cerebellar and PFCmicroglia showed upregula-

tion of genes involved in immune response in A-T, microglia were more strongly activated in the

cerebellum compared to the PFC. Cerebellar A-T microglia had significantly higher upregulation

of genes related to inflammatory processes (adaptive immune response, leukocyte proliferation, glial
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cell activation, tumor necrosis factor superfamily cytokine production) and neuronal death than

A-T PFCmicroglia (Figure 1.5A, Figure A.7).

Microglia can be activated by neuronal death, a mechanism common to multiple neurodegenera-

tive conditions173. However, since PFC neurons do not degenerate in A-T, we hypothesized that A-

T microglia in the PFC and cerebellum are cell-intrinsically activated. One potential mechanism of

intrinsic activation is the accumulation of DNA damage due to ATM deficiency. Deficits in DNA

repair caused by ATM deficiency are associated with increased cytosolic DNA109. Cytosolic DNA

is recognized by the CGAS-STING pathway, which triggers an innate immune response by induc-

ing type I interferons and inflammatory cytokines46. We found that the CGAS-STING pathway,

including CGAS and activators of CGAS signaling—TRIM14, TRIM38, and TRIM5639,236,101—

were upregulated specifically in A-T microglia from the cerebellum and PFC, suggesting the pres-

ence of cytosolic DNA (Figure 1.5B-C). Moreover, the CGAS-STING pathway showed significant

enrichment among genes upregulated in A-T cerebellum versus A-T PFC, suggesting that CGAS-

STING activation was more prominent in cerebellar microglia (Figure 1.5C). CGAS-STING path-

way genes (TRIM14, TRIM38, IFI16, IRF7) were also upregulated in aged human microglia but

not AD or DAM gene sets, implicating DNA damage and cytoplasmic DNA as a common underly-

ing cause of microglial activation in A-T and aging microglia, while ADmicroglia may be activated

by another mechanism such as extrinsic stimuli (Table S1.17). Taken together, activation of the

CGAS-STING pathway suggests that cytosolic DNA contributes to microglial activation that is

more pronounced in AT cerebellum than PFC.

Self-DNA enters the cytosol in a mitosis dependent manner, through the formation and rupture

of DNA-damage induced micronuclei83,164. Thus, we hypothesized that underlying differences

in proliferation may explain the differential activation of CGAS-STING in cerebellar microglia

compared to PFCmicroglia. We tested whether microglia in the cerebellum and PFC differ in pro-

liferation rate by inferring the cell cycle status of each cell by the expression of canonical markers
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of G1, S, and G2 phases. We found that cerebellar microglia have an increased percentage of cells

in replicating phases compared to cortical microglia (p-value < 0.01, t-test) (Figure 1.5D). This is

consistent with previous reports that cerebellar microglia have a higher turnover rate than cortical

microglia, which may make themmore vulnerable to accumulation of DNA damage due to ATM

deficiency252,262. The differences in proliferation may underlie our observation that cerebellar mi-

croglia have a stronger CGAS-STINGmediated immune response in A-T than cortical microglia.

1.2.8 A-T patient iPSC-derived microglia demonstrate cell-intrinsic activa-

tion of NF-kB and type I interferon signaling

To understand whether microglia might contribute to neurodegeneration in A-T, we sought to de-

termine when cerebellar microglia become activated in disease progression relative to Purkinje and

granule cell death. We employed pseudotime analysis to understand the cell-type-specific cascades

of molecular events across disease progression in A-T214. For each cell type, cells were ordered along

a continuous trajectory that progressed from the control to diseased state (Figure A.8A). We per-

formed differential analysis to identify genes that change as a function of pseudotime and clustered

these genes by their pseudotime expression patterns. We then applied GO analysis to determine

the enriched biological functions of each gene cluster. For microglia, the beginning of pseudotime

(healthy state) had high expression of genes involved in cellular respiration, oxidative phosphoryla-

tion, and synaptic vesicle exocytosis, consistent with a high metabolism gene expression profile char-

acteristic of cerebellar microglia77 (Figure A.8B). Over disease progression, upregulation of CGAS-

STING pathway genes (i.e., CGAS, TRIM14, TRIM38, TRIM56) was followed by leukocyte ac-

tivation, cytokine production, and innate immune response (Figure A.8B-C). In Purkinje neurons,

disease progression was characterized first by a decline in genes related to calcium ion homeosta-

sis (i.e., ITPR1), followed by late of a cluster of genes related to immune response and response

to cytokine (i.e.,HSPA1A, B2M, ISG15), and apoptotic signaling pathway (i.e., XBP1, BCL2,
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CASP2) (Figure A.8D). Granule neurons first demonstrated a decrease in chromatin organization

(i.e.,HDAC4, HDAC2, CHD5) and glutamatergic synaptic signaling genes (i.e.,NRXN1, RELN,

SYT1), followed by upregulation genes related to oxidative phosphorylation (i.e., PINK1, NDUFS5,

UQCRH), then upregulation of genes related to response to cytokine (i.e., SP100, STAT6, ISG15),

response to unfolded protein (i.e.,HSPA1A, HSPE1, DNAJB1), and programmed cell death (i.e.,

IFI6, BCL2, XBP1) at the end of pseudotime, suggesting that synaptic and metabolic dysfunction

precedes granule neuron death in A-T (Figure A.8E).

We then compared molecular events between microglia, Purkinje, and granule cells along disease

progression by aligning their pseudotime trajectories using dynamic time warping36. This revealed

that the upregulation of inflammatory response and cytokine production genes in microglia (i.e.,

C1QA, IL18, IFI16, CGAS, LTBR, TNFSF10) occurs earlier in disease progression pseudotime than

the onset of response to cytokine and apoptosis genes (XBP1,MUC1, TFAP2A) in Purkinje and

granule cells (Figure 1.6A-B). These findings suggest that microglial activation and inflammation

precedes Purkinje and granule cell death in A-T and support a model of cell-intrinsic microglial

activation in A-T.

To experimentally characterize microglial activation in A-T, we developed iPSC-based experi-

mental models using A-T patients and controls (Figure 1.1B, Figure A.9A). We generated human

iPSCs from fibroblasts of an individual with A-T with compound heterozygous splice-altering vari-

ants in ATM (hg38 chr11:g.108332838C>T; chr11:g.108347266_108353792del27) and used the

well-characterized PGP1 iPSC line as a control. We then differentiated microglia-like cells (iMGL)

from the A-T patient and control iPSCs through a hematopoietic progenitor intermediate1 (Figure

A.9A). The resulting iMGLs were a highly homogeneous population with >85% of cells expressing

microglia markers CD45 and CD11B assessed by flow cytometry (Figure A.9B, Figure A.10A). Pro-

filing of the iMGLs by RNA-sequencing showed that they expressed canonical markers of microglia

(AIF1, CX3CR1, CSF1R, SPI1, TREM2) but did not express myeloid lineage (MPO, KLF2), neu-
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Figure 1.6: A‐T patient iPSC‐derived microglia reveal cell‐intrinsic activation and increased cytotoxicity in neuronal co‐
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Figure 1.6 (Continued) C. Schematic of A‐T and control iPSC‐microglia (iMGL) and iPSC‐neuron (iN) co‐culture exper‐
iment. D. Gene Ontology (GO) terms enriched among genes upregulated in A‐T iMGL and A‐T cerebellar microglia
versus control. E. Gene Set Enrichment Analysis (GSEA) plots for CGAS‐STING, NF‐kappaB, type I IFN production,
and response to type I IFN pathways in A‐T versus control iMGL (top) and A‐T versus control CB microglia (bottom).
F. Percent cytotoxicity of iMGL and iN co‐cultures based on LDH‐based cytotoxicity assay (bottom). C, PGP1 control.
*p<0.05, ***p<0.001, ns, not significant, Mann‐Whitney‐U test.

ronal (MAP2, SOX2), and pluripotency (POU5F1) marker genes (Figure A.9C). Principal compo-

nent analysis with transcriptomic profiles from A-T and control iMGLs along with our snRNA-seq

data from human adult cerebellum and published snRNA-seq data from human fetal cerebellum4

confirmed that iMGLs cluster more closely with microglia from adult and fetal human cerebel-

lum than with other brain cell types (Figure A.9D, Figure A.10B). Our clustering analysis also con-

firmed that iMGLs were most correlated with microglia in adult and fetal human cerebellum (Figure

A.10C).

We performed differential gene expression analysis of A-T versus control iMGL, revealing upreg-

ulation of genes involved in cytokine secretion, phagocytosis, NF-kB signaling, and type I interferon

signaling (Figure A.9E, Table S1.18-1.20). To compare A-T iMGL and A-T cerebellar microglia, we

obtained genes upregulated in both and identified enrichment of immune related GO terms, includ-

ing microglial cell activation, cytokine secretion, NF-kB, and type I interferon signaling pathway

(Figure 1.6D, Table S1.21). These results confirmed that A-T microglia grown in isolation take on

an activated phenotype, demonstrating that this is a cell intrinsic property of microglia in A-T.

We hypothesized that cell-intrinsic activation of NF-kB and type I interferon signaling in A-T

microglia could be due to cytoplasmic DNA triggering CGAS-STING, since a major consequence

of CGAS-STING activation is initiation of NF-kB signaling and production of type I interferon

related cytokines97,257. In support of cytoplasmic DNA as a potential trigger for microglia activa-

tion in A-T, A-T iMGL also showed positive enrichment of a CGAS-STING gene set (Figure 1.6E,

Table S1.22). The similar enrichment of CGAS-STING, NF-kB, and type I interferon pathways
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among genes upregulated in A-T iMGL and A-T postmortemmicroglia supports that A-T mi-

croglia are activated by a cell-intrinsic mechanism that may involve cytoplasmic DNA and CGAS-

STING (Figure 1.6E, Table S1.22).

1.2.9 In-silico and in-vitro models of microglia-neuron interactions reveal

that A-T microglia increase cytotoxicity

A-T Purkinje and granule neurons showed enrichment of response to cytokine genes late in disease

progression, raising the possibility that cytokines produced by microglia induce molecular changes

in Purkinje and granule neurons in A-T (Figure 1.6A). Consistently, ligand-receptor analysis re-

vealed increased cytokine signaling (IL1B, IL7, IL4, IL15), type I interferon signaling (IFNA2),

CD40 signaling (CD40LG), and complement signaling (C3, C4) frommicroglia to granule and

Purkinje neurons in A-T versus control (Figure A.9F, Figure A.11). Notably, several of these pro-

inflammatory cytokines, including IL1B and IFNA2, have been shown to induce neurotoxicity292,168,124.

This suggests that activated microglia in A-T have increased secretion of pro-inflammatory cy-

tokines that may have neurotoxic consequences.

To test this hypothesis experimentally, we differentiated A-T patient and control iPSCs into neu-

rons using overexpression of Ngn263 and co-cultured them with A-T patient and control iMGLs

(Figure 1.6C). iPSC-derived neurons (iNs) transcriptionally correlated with human midgesta-

tional cerebellum, making them a relevant model for studying microglia-neuron interactions in

A-T (Figure A.9D). We co-cultured iMGLs and iNs for six days and assessed cytotoxicity by lac-

tate dehydrogenase (LDH) release. We found that co-culturing control iNs with A-T iMGLs was

sufficient for increased cytotoxicity compared to co-culturing with control iMGLs (Figure 1.6C,

p-value<0.001). Moreover, A-T iMGLs co-cultured with A-T iNs demonstrated increased cyto-

toxicity compared to control iMGLs co-cultured with A-T iNs (Figure 1.6F, p-value<0.001). A-T

iMGLs co-cultured with A-T iNs had the highest levels of cytotoxicity, suggesting that A-T iNs
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are more vulnerable to A-T iMGLs. Taken together, these results indicate that A-T microglia have

increased pro-inflammatory interactions with neurons and lead to increased cytotoxicity.

1.3 Discussion

In this study, we present an atlas of human cerebellar transcriptomes in health and degeneration

at single-cell resolution. We identified major neuronal and glial cell types in the cerebellum and re-

covered known and novel transcriptomic signatures in A-T. We resolved cell-type-specific transcrip-

tional perturbations in A-T, including the activation of pro-inflammatory pathways in microglia

that was more pronounced in the cerebellum versus PFC. The activation of microglia in A-T PFC

despite lack of cortical atrophy or neuronal loss suggests that A-T microglia are activated by a cell-

intrinsic mechanism rather than in response to neurodegeneration, with brain region specific fac-

tors leading to stronger activation in the cerebellum. We found that genes in the CGAS-STING

pathway, including CGAS itself, were significantly upregulated specifically in A-T microglia, with

preferential activation in the cerebellum. Moreover, A-T patient iPSC-derived microglia cultured

in the absence of neurons also demonstrated upregulation of genes involved in CGAS-STING, NF-

kB, and type I interferon signaling, further suggesting a cell-intrinsic mechanism of activation. The

CGAS-STING pathway is activated in response to cytosolic DNA, suggesting the presence of cy-

tosolic DNA in A-Tmicroglia. These results are consistent with recent reports of cytosolic DNA

and CGAS-STING activation in microglia from rodent models of A-T215,246. Potential sources of

cytosolic DNA include release of nuclear self-DNA109,59, mitochondrial DNA released by defective

mitochondria145,54,249, reverse-transcribed transposable elements as observed in aging-related disor-

ders50, and phagocytosis of nucleic acids from cellular debris. It will be of great interest for future

work to identify the source of cytosolic DNA in A-Tmicroglia as a potential therapeutic avenue for

modulating inflammation in A-T. Reducing inflammation in rodent models of A-T with ibuprofen
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led to decreased microglial activation and neuronal apoptosis, further highlighting microglia as a

therapeutic target in A-T107.

Activated microglia have been intensely studied in the context of neurodegenerative disorders in-

cluding Alzheimer’s disease, Parkinson’s disease, and ALS94. Our study highlights the involvement

of microglia in human cerebellar degeneration as well. Through pseudotime analyses, we found that

the rise in pro-inflammatory genes in A-T microglia precedes the onset of cytokine response, and

apoptosis related genes in A-T Purkinje and granule neurons, and ligand-receptor analysis indicated

increased pro-inflammatory signaling frommicroglia to neurons in A-T. These findings support

a model of pathogenesis whereby cell-intrinsically activated microglia release neurotoxic cytokines

and factors that trigger Purkinje and granule cell death. Recent work in human microglial cell lines

demonstrated that persistent DNA damage due to loss of ATM leads to microglial activation and

excessive phagocytosis of neurites, providing further validation for a cell-intrinsic mechanism of

microglia activation that contributes to neuronal damage10. Rodent models of A-T also show

evidence of neuroinflammation and microglial activation that leads to secretion of neurotoxic cy-

tokines215,246,148, but why these models do not fully recapitulate cerebellar degeneration remains

unknown. Potential reasons may be that the rodent cerebellum has an increased numerical density

(number/mm3) of Purkinje cells compared to human cerebellum132, or Purkinje cell transcrip-

tomic differences between rodent and human may underlie the different phenotypes32,289. Here,

our data from human A-T patients and patient-derived iPSCmodels provides critical support that

microglial activation, previously demonstrated in vitro and in rodent models, is also found in hu-

man A-T patient brains and may contribute to A-T disease mechanisms. The pathological nature

of pro-inflammatory signaling from activated microglia is also supported by clinical observations

that treatment with glucocorticoids reduced ataxia symptoms in A-T179. The presence of activated

microglia in A-T PFC without cortical neuron loss suggests that cerebellar Purkinje and granule

neurons are more vulnerable to activated microglia. Moreover, the increased cytotoxicity of A-T
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iNs co-cultured with A-T iMGLs suggest that A-T iNs have increased vulnerability to microglia.

It is highly possible that cell autonomous and non-cell autonomous effects of ATM loss in cerebel-

lar neurons and microglia interact to cause A-T pathology. Given that microglia and other brain-

resident macrophages share several transcriptomic markers, it is possible that the microglia cluster

may include a smaller percentage of other brain-resident macrophages. As markers of subtypes of

brain-resident macrophages become elucidated, future studies will be able to better distinguish these

cell types in the brain. Moreover, it is possible that some of the transcriptional alterations identi-

fied in certain cell types reflect processes other than degeneration, such as compensatory changes

in surviving cells. It will be important for future work to further dissect the developmental onset,

contribution of cell type interactions, and cellular responses to cerebellar degeneration in A-T.

This study identifies cell-type-specific changes in A-T across multiple brain regions and serves as

a resource as an adult human cerebellum vermis dataset in health and degeneration. While granule

and Purkinje neurons have been the most studied cell types in A-T due to their selective degenera-

tion, this study highlights the central role of microglia in A-T cerebellar degenerative pathogenesis.
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1.6 Methods

1.6.1 Isolation of single nuclei from fresh frozen brain tissue samples

All human postmortem brain tissue samples were obtained from the NIHNeuroBioBank. Samples

were matched as closely as possible for age, sex, RIN, and PMI. All available neuropathology reports

and medical records for each sample were obtained. Detailed sample information is in Table S1.1.

All cerebellar vermis samples are from the same anatomical section (section 1) and include the entire

vermis, and all cortex samples are from BA9/BA46, which are adjacent Brodmann areas. Section-

ing was performed as described by the University of Maryland Brain and Tissue Bank Sectioning

Protocol: “LEFTHEMISPHERE: CEREBRUMA cut is made just posterior to the cerebral pe-

duncle and the midbrain/pons/cerebellum are removed as a unit from the left hemisphere (Cut #3).
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The remaining cerebrum is sectioned coronally, at approximate 1 cm intervals beginning from the

frontal pole apex and proceeding caudally. As each section is isolated, it is gently rinsed with wa-

ter, blotted dry, assigned a sequential numeric identifier (odd numbers only!), and placed in the

freezing bath. The handling of sections is best aided by the use of a plastic spatula. Each frozen sec-

tion is placed into individual plastic bags appropriately labeled and sealed. All bags are then stored

in a -80 degree Centigrade freezer prior to shipping. Frozen sections of the cerebrum are identi-

fied as sections 1,3,5,7,9. LEFTHEMISPHERE: CEREBELLUMThe remaining cerebellum is

placed in a vertical plane (its normal anatomic position) and sectioned at 0.5 to 0.6 cm intervals be-

ginning from the medial surface (vermis) and moving laterally. Each resulting section is assigned a

sequential identifier (odd numbers only!). Frozen sections of the cerebellum are identified as sec-

tions 1,3,5,7,9” (https://medschool.umaryland.edu/btbankold/Brain-Protocol-Methods/Brain-

Sectioning—Protocol-Method-2/).

The nuclei isolation protocol was adapted from two previous publications174,248. Specifically,

the protocol was performed as follows: all procedures were performed on ice or at 4C. Approxi-

mately 100 mg of fresh frozen samples were processed using a Dounce homogenizer in 5 ml of tissue

lysis buffer (0.32M sucrose, 5mMCaCl2, 3mMMgAc2, 0.1mM EDTA, 10mMTris-HCl (pH 8),

0.1% Triton X-100, 1mMDTT). The homogenized solution was loaded on top of a sucrose cushion

(1.8M sucrose, 3mMMgAc2, 10mMTris-HCl (pH 8), 1mMDTT) and spun in an ultracentrifuge

in an SW28 rotor (13,300 RPM, 2hrs, 4c) to separate nuclei. After spinning, supernatant was re-

moved and nuclei were resuspended (1% BSA in PBS plus 25ul 40U/ul RNAse inhibitor) then

filtered through a 40um cell strainer. After filtration, nuclei were counted and diluted to a concen-

tration of 1000 cells/ul.
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1.6.2 Droplet-based snRNA-seq

Droplet-based libraries were generated using the Chromium Single Cell 3’ v3 reagent kits (10x Ge-

nomics) according to manufacturer’s instructions. Resulting libraries were sequenced on an Illu-

mina Novaseq at 150 paired-end reads with target depth 20,000 reads/nucleus.

1.6.3 snRNA-seq analysis

snRNA-seq data for each individual was preprocessed and aligned to the GRCh38-3.0.0 reference

genome using CellRanger count. After alignment, ambient/background RNAwas removed from

the count matrix using CellBender remove-background (v0.2.0)70. The resulting count matrices

were used to create Seurat objects per individual using Seurat v4253. Further quality control re-

moved cells with less than 200 genes per cell, greater than 5000 genes per cell, and greater than 30%

mitochondrial content. DoubletFinder178 was used to detect and remove doublets with an expected

multiplet rate of 7.6% for 16,000 cells loaded per sample based on the 10x user guide.

SCTransform was used to perform normalization of expression values per sample80. After nor-

malization, samples were integrated to align common clusters across individual datasets using Seu-

rat’s integration method253. Dimensionality reduction was performed using RunPCA and RunUMAP.

A shared nearest neighbor graph was constructed using FindNeighbors with dims 1:30, k.param

100, and cosine metric. Clusters were then identified using the Leiden algorithm at a resolution of

1.5.

Marker genes for each cluster were obtained using FindAllMarkers with the default minimum

log2 fold-change of 0.25. Cluster markers were used to assign cerebellar cell type identities based

on known literature cell type markers. For annotating clusters in the prefrontal cortex, SingleR was

used for reference-based annotation since reference datasets from the human prefrontal cortex are

available10. Velmeshev et al., 2019 was used as the prefrontal cortex reference275.
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To identify changes in cell type proportions in AT compared to controls, we used a Bayesian

statistics approach to compositional data analysis previously described in the context of micro-

bial ecology86. Compositional data has a negative covariance structure that is accounted for by

the multinomial and Dirichlet probability distributions. We implemented Dirichlet multino-

mial modeling (DMM) using HamiltonianMonte Carlo (HMC) using the R packages rstan and

bayestestR (Stan Development Team (2020). “RStan: the R interface to Stan.” R package version

2.21.2, http://mc-stan.org/.)166. The input to the model was a matrix of counts where the rows

correspond to replicates (individual samples) and the columns correspond to cell types. We then

modeled the replicates using the multinomial distribution for the probability of each cell type per

individual. The Dirichlet distribution was used to model the multinomial parameters. The prior

on the Dirichlet parameters was another Dirichlet distribution with a fixed parameter alpha 10-7,

which gives uniform cell type proportions in expectation. The resulting posterior distributions were

Dirichlet distributions of the cell type proportions in AT and control. We then subtracted the pos-

terior probability distribution (89% credible interval) of control from AT to see whether there are

significant differences in relative cell type composition. A cell type shift in log2 abundance ratio

(AT/control) was considered significant if the 89% credible did not include 0.

1.6.4 Differential gene expression and Gene Ontology analysis

Differential gene expression analysis was performed on each cell type using edgeR176. The inte-

grated Seurat object was subset to obtain Seurat objects for each cell type. The read counts were

modeled and normalized using a negative binomial distribution with the trimmed mean of M-values

(TMM) normalization method. To ensure robust signals, only genes that were expressed in at least

5% of one cell type were included in the analysis. The design matrix formula was disease.status

+ sex + age + cellular detection rate. Differentially expressed genes between AT and control were

identified using the likelihood ratio test (glmLRT). Genes with FDR < 0.05 and a log2 fold-change
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greater than 0.50 were used for downstream analysis.

Pseudobulk differential gene expression analysis was performed using DESeq2162. To generate

pseudobulk data, we took the sum of raw counts for each gene over all cells in each sample, resulting

in a gene by sample counts matrix. The design matrix was specified as sex + age + disease.status.

Differentially expressed genes between AT and controls were identified after running lfcShrink.

Genes with FDR < 0.05 were considered statistically significant.

Gene Ontology (GO) enrichment analysis was performed on the upregulated and downregulated

differentially expressed genes in each cell type using clusterProfiler294. GO biological processes with

FDR < 0.05 were considered significant.

Gene Set Enrichment Analysis was performed on differentially expressed genes ordered by log2

fold-change (descending order) with the function GSEA() with default settings from clusterProfiler.

Human gene sets of interest were obtained from theMolecular Signatures Database (MSigDB)254,157

and are listed in Supplementary Table 1.21.

CellChat114 was used to perform ligand-receptor analysis in order to identify differential cell-

cell communication in AT compared to control. Differentially active signaling pathways with

FDR<0.05 were considered significant.

1.6.5 Cell Cycle Scores

AddModuleScore calculates the average expression of a gene set in each cell, subtracted by the aver-

age expression of a control gene set, as previously described265. A positive score means the module

of genes is expressed more highly in a particular cell than expected by chance. Cell cycle phase scores

were calculated using this method based on canonical cell cycle markers using the Seurat function

CellCycleScoring, which then outputs the predicted classification (G1, S, or G2M phase) for each

cell.
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1.6.6 Disease gene analysis

Knownmonogenic cerebellar disease genes were obtained from the Online Mendelian Inheritance

in Man (OMIM) database. The mouse cerebellum data was obtained from Saunders et al., 2018233.

To determine the correlation of cerebellar disease gene expression between humans and mice, cosine

similarity was calculated between the human and mouse expression vectors of the genes for each cell

type.

1.6.7 Pseudotime analysis

Pseudotime trajectory analysis was performed using Monocle2214. First, Seurat objects for each

cell type (Microglia, Purkinje, and granule cells) were converted into the Monocle2 compatible cell

dataset form using as.CellDataSet. Cells were clustered in an unsupervised manner using cluster-

Cells. The top 1000 differentially expressed genes between AT and control in each cell type were

used as the ordering genes to order cells along the pseudotime trajectory. The root state of the tra-

jectory was defined as the cluster with the highest proportion of control cells. Genes that change as a

function of pseudotime were identified using differentialGeneTest with the model formula specified

as sm.ns(Pseudotime), which fits a natural spline to model gene expression as a smooth nonlinear

function of pseudotime. Genes that change over pseudotime with an FDR<0.05 were considered

significant. These genes were then clustered according to their pseudotime expression profiles. GO

enrichment analysis was performed on each cluster using clusterProfiler to identify the biological

processes that co-vary across pseudotime.

To align the pseudotime trajectories between cell types, the method dynamic time warping

(DTW) was applied as previously described36. DTW aligns similar temporal processes that differ

in length by calculating the optimal matching between points in each sequence. For each cell type,

ordered cells in pseudotime were binned into 100 “pseudocells” and the average expression of each
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gene was calculated within each pseudocell. The resulting gene x pseudocell matrices were the input

for the dtw package in R. The Purkinje cell matrix was set as the reference and the other cell type

was the query. The cost matrix was calculated as 1-corr(M1, M2), where corr(M1, M2) is the cosine

similarity matrix between cell type 1 matrix (M1, reference) and cell type 2 matrix (M2, query). The

query cell type pseudotime values were then warped into the reference to obtain aligned pseudo-

times.

1.6.8 Whole Genome Sequencing and Variant Calling

DNAwas isolated using the Qiagen DNAMini kit (Qiagen cat. no. 51304) according to the pro-

tocol for tissues. Approximately 25mg of fresh frozen tissue was minced into small pieces. Tissue

was transferred to a 1.5ml microcentrifuge tube and 180µl of Buffer ATL as added. 20ul of pro-

teinase K was added prior to 4 hours of agitation at 56 degrees centigrade on a thermomixer (1400

RPM). DNA isolation proceeded as written in the protocol with the inclusion of the optional

RNase A step. Libraries were prepared with the TruSeq DNA PCR-free library kit (Illumina). Li-

braries were sequenced at 30X coverage with Illumina NovaSeq 6000 S4, 2 x 150 bp. WGS data for

each individual was processed using GATK491. Specifically, we used the DRAGEN-GATKwhole

genome germline pipeline for variant discovery with theWGS_Maximum_Quality mode on Terra

(terra.bio). Reads were aligned using hg38 as the reference genome. Resulting VCF files were anno-

tated using ANNOVAR92. Sample information and variants are listed in Table S1.5.

1.6.9 Immunostaining and Imaging

Postmortem human formalin fixed vermis samples from four subjects diagnosed with Ataxia Telang-

iectasia and three age matched controls were obtained from the University of Maryland Brain and

Tissue Bank (Table S1.9). The samples were embedded in paraffin by the UMCCTS Biospecimen,
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Tissue and Tumor Bank, and sectioned on a LEICARM2125 microtome. Sections were cut at

20 µm thickness, placed on uncharged untreated Fisherfinest premiummicroscope slides (prod-

uct number 12-544-7), and dried overnight at 37°C. Eight sections (four control and four with AT

pathology) were selected at random, deparaffinized with xylene and rehydrated in a graded ethanol

wash series. This was followed by antigen retrieval, done by heating citrate buffer (pH 6.2) to 90°C

and leaving the slides to soak for 45 minutes, then allowing the solution and slides to cool to room

temperature. The samples were then subjected to brief PBS washes before application of a primary

antibody solution consisting of blocking solution, 10% triton in 10x PBS for permeabilization, and

primary antibody. Primary antibodies used included CD11B/Integrin AlphaMMonoclonal An-

tibody (Proteintech, product number 66519-1-Ig, concentration 1:100), and Anti-GFAP antibody

produced in rabbit (Millipore Sigma product number HPA056030, concentration 1:250). The

samples were incubated at 4°C overnight. The following day the samples were washed for an hour

and a half in cold 1x PBS before application of secondary antibody solution consisting of blocking

solution, 10% triton, and Donkey anti-Mouse Cross-Adsorbed Secondary Antibody, Alexa Fluor

plus 555 (ThermoFisher Scientific, Invitrogen, product number A32773, concentration 1:125) and

Donkey anti-Rabbit Cross-Adsorbed Secondary Antibody Alexa Fluor plus 488 (ThermoFisher

Scientific, Invitrogen, product number A32790, concentration 1:125). After incubating overnight

in the dark at 4°C the samples were washed in 1x PBS for an hour and a half in the dark. The tissue

was stained for DAPI (ThermoFisher Scientific, Product Number 62248, concentration 1:10,000 in

1x PBS), washed and then treated with TrueBlack lipofuscin autofluorescence quencher (Biotium,

product number 23007) according to the manufacturer’s protocol. The samples were subjected to

30 minutes of washes in Barnstead water before being allowed to air dry. The tissue was mounted

in Everbrite (Biotium, product number 23003) with Platinum Line cover glass (FisherScientific,

Product Number 15-183-89) and left to cure overnight. Imaging was performed on a Zeiss LSM700

inverted microscope using ZEN Black 2012 Software.
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1.6.10 Maintenance and culture of iPSCs

Fibroblasts from an individual with A-T (2 years old, female) were reprogrammed into iPSCs using

non-integrative Sendai virus. The patient had the following compound-heterozygous variants in

ATM: hg38 chr11:g.108332838C>T; chr11:g.108347266_108353792del27. Control iPSCs from

Personal Genome Project participant 1 (PGP1) were used as the control line. Both iPSC lines were

mycoplasma negative, karyotypically normal, and expressed pluripotency markers OCT4, SOX2,

NANOG, SSEA4, TRA-1-60. iPSCs were maintained in 6-well or 10 cm plates (Corning) coated

with LDEV-free hESC-qualifiedMatrigel (Corning Catalog #354277) in feeder-free conditions with

complete mTeSR-plus medium (STEMCELL Technologies) in a humidified incubator (5% CO2,

37°C). iPSCs were fed fresh media daily and passaged every 3-4 days.

1.6.11 Differentiation of iPSCs toHematopoietic Progenitor Cells

Human iPSC-derived hematopoietic progenitors (HPC) were generated using the STEMdiff Hematopoi-

etic Kit (STEMCELL Technologies) according to the manufacturer instructions based on a proto-

col by Abud et al., 20171. Briefly, iPSCs were dissociated into aggregates using Gentle Cell Dissoci-

ation Reagent (STEMCELL Technologies) and 40-80 aggregates were plated per well onMatrigel

coated 12-well plates. Cells were maintained inMedium A to induce a mesoderm-like state until

day 3. From day 3 to day 12, cells were maintained inMedium B with half-media changes every 2

days to promote further differentiation into hematopoietic progenitor cells. To confirm the differ-

entiation from iPSC to HPC, we performed flow cytometry on day 12 at the end of HPC differ-

entiation. Cells were harvested and incubated with CD45-APC (1 µl per 50,000 cells in 100 µL,

STEMCELL Technologies Catalog #60018AZ) and CD34-PE (1 µl per 50,000 cells in 100 µL,

STEMCELL Technologies Catalog #60119PE) antibodies for 15 minutes in the dark at 4C. In ad-

dition to double-stained samples, we included unstained samples, Fluorescence Minus One (FMO)
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controls, and compensation single-stain controls using OneComp eBeads (Thermo Scientific Cat-

alog #01111142). Samples were washed twice with FACS buffer (Phosphate Buffered Saline (PBS)

with 2% FBS) and transferred to 5 ml Round Bottom Polystyrene FACS tubes. Flow cytometry

was performed at the HSCI-BCH Flow Cytometry Research Facility using the BD FACSAria II.

Analysis was performed using FlowJo software.

1.6.12 Differentiation of Hematopoietic Progenitor Cells toMicroglia

Human iPSC-derived microglia (iMGL) were generated from human iPSC-derived hematopoi-

etic progenitors using the STEMdiffMicroglia Differentiation Kit andMicroglia Maintenance

Kit (STEMCELL Technologies) according to manufacturer instructions. Briefly, hematopoietic

progenitor cells from day 12 of the STEMdiff Hematopoietic Kit protocol were collected and trans-

ferred to a Matrigel coated 6-well plate (200,000 cells per well) with STEMdiffMicroglia Differenti-

ationMedium. From day 0 to 24, 1 mLMicroglia DifferentiationMedium was added to each well

every other day. After day 24, cells were maintained in STEMdiffMicroglia MaturationMedium

with half-medium volume added every other day. To confirm the differentiation fromHPC to

iMGL, we performed flow cytometry on day 24 at the end of microglia differentiation. Cells were

harvested and blocked with CD32 antibody (2 µl per 50,000 cells in 100 µL, STEMCELL Tech-

nologies Catalog #60012) for 15 minutes at 4C. Samples were then incubated with CD45-APC (1

µl per 50,000 cells in 100 µL, STEMCELL Technologies Catalog #60018AZ) and CD11B-FITC

(1 µl per 50,000 cells in 100 µL, STEMCELL Technologies Catalog #60040FI) antibodies for 15

minutes in the dark at 4C. In addition to double-stained samples, we included unstained samples,

FMO controls, and compensation single-stain controls using OneComp eBeads (Thermo Scien-

tific Catalog #01111142). Samples were washed twice with FACS buffer (Phosphate Buffered Saline

(PBS) with 2% FBS) and transferred to 5 ml Round Bottom Polystyrene FACS tubes. Flow cytome-

try was performed at the HSCI-BCH Flow Cytometry Research Facility using the BD FACSAria II.
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Analysis was performed using FlowJo software.

1.6.13 RNA-sequencing of A-T and control iMGL

RNAwas harvested from day 29 iMGL samples using the PureLink RNAMini kit (Life Tech-

nologies Catalog # 12183018A). Libraries were prepared with the Illumina Stranded mRNA prep.

Sequencing was performed on Illumina HiSeq, 2x150bp configuration at approximately 20X

depth per sample. Reads were aligned to hg38 using STAR v2.7.9a followed by processing with

featureCounts to obtain a gene-level counts matrix. Differential gene expression analysis was per-

formed using DESeq2 with control set as the reference condition and results coefficient set as ‘con-

dition_AT_vs_control’.

1.6.14 Differentiation of iPSCs to neurons

Human iPSC-derived neurons (iNs) were generated from iPSCs transduced with the lentiviruses

Tet-O-Ngn2-Puro and FUW-M2rtTA based on a previously published protocol299. On day -1 of

differentiation, iPSC colonies were dissociated into single-cells using Accutase (STEMCELL Tech-

nologies) and 4-8 million cells were plated onMatrigel coated 10 cm dishes with complete mTeSR

plus medium supplemented with Y-27632 (10 uM). On day 0, cells were fed N2 media (DMEM/F-

12 media, 1XN2, 1XNonessential Amino Acids) supplemented with doxycycline (2 µg/mL),

BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 µg/mL). On day 1, media was replaced with

N2 media with puromycin (1 µg/mL) in addition to the supplements listed above. On day 2, cells

were fed B27 media (Neurobasal media, 1X B27, 1X Glutamax) supplemented with puromycin

(1 µg/mL), doxycycline (2 µg/mL), Ara-C (2 uM), BDNF (10 ng/mL), NT3 (10 ng/mL), and

laminin (0.2 µg/mL). On day 3, cells were dissociated into single cells using Accutase and replated

onto polyethylenimine/laminin coated 96-well plates (10,000 cells/well) with B27 media supple-
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mented with Y-27632 (10 µM), doxycycline (2 µg/mL), Ara-C (2 µM), BDNF (10 ng/mL), NT3

(10 ng/mL), and laminin (0.2 µg/mL). On day 5, cells were fed with Conditioned Sudhof Neuronal

GrowthMedium (1:1 ratio of Astrocyte ConditionedMedia and Neurobasal Media, 1X B27, Glu-

tamax, NaHCO3, and transferrin) supplemented with BDNF (10 ng/mL), NT3 (10 ng/mL), and

laminin (0.2 µg/mL).

1.6.15 Co-culture of iMGL and iNs

Day 29 iMGL were added to Day 6 iNs plated in a 96-well plate at a 1:5 ratio (2,000 iMGL:10,000

neurons per well) with 15 independent wells per co-culture condition (A-T iMGL/A-T iN; A-T

iMGL/control iN; control iMGL/A-T iN; control iMGL/control iN). The co-cultures were main-

tained for 6 days.

1.6.16 Cytotoxicity assay

Cytotoxicity of co-cultures were assessed with the LDH-Glo Cytotoxicity Assay (Promega Catalog

#J2380) according to the manufacturer instructions. 5 µl of medium from each co-culture well was

diluted in 95 µl LDH Storage Buffer (200 mMTris-HCl pH 7.3, 10% Glycerol, 1% BSA). LDH

activity was measured by combining 10 µl LDHDetection Reagent with 10 µl diluted sample in

a 384-well white opaque-walled assay plate (Greiner Bio-One Catalog # 784080) after incubating

for 45 minutes at room temperature. LDH standards were prepared according to manufacturer

instructions. Fresh culture medium was used as a no-cell control. To generate a maximum LDH

release control, 2 µl of 10% Triton-X 100 was added per 100 µl to 96-wells containing iNs for 10

minutes followed by sample collection in LDH storage buffer as described above. Plate was read

using the Spectramax iD5 plate reader with the luminescence read mode. Percent cytotoxicity was

calculated according to the kit’s protocol as % Cytotoxicity = 100 × (Experimental LDHRelease –
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Medium Background) / (Maximum LDHRelease Control –Medium Background).

1.6.17 Statistics and reproducibility

No statistical methods were used to predetermine sample sizes. All statistical tests were performed

in R (v4.0.1) or Python (v3.8) with multiple hypothesis correction using the Benjamini-Hochberg

procedure (FDR<0.05) unless otherwise specified. Statistical tests are noted in figure legends, and

include Fisher’s exact test, Student’s t-test andMann-Whitney U-test.

1.7 Supplemental Data

Supplementary figures are included in the Thesis Appendix. Tables are included in the supplemen-

tary data of the manuscript (Lai et al., 2023, doi: https://doi.org/10.1101/2021.09.09.459619)

upon which this chapter is based.
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”Genetics is the key to understanding and treating many

diseases, but it is also the key to understanding what

makes us human.”

Francis Collins

2
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Disruption of RFX family transcription

factors causes autism,

attention-deficit/hyperactivity disorder,

intellectual disability, and dysregulated

behavior

This section is based on the following manuscript in which I made significant contributions during

my PhD studies:

Harris HK*, Nakayama T*, Lai J*, et al. Disruption of RFX family transcription factors causes

autism, attention-deficit/hyperactivity disorder, intellectual disability, and dysregulated behavior.

Genet Med. 2021Mar 3; PubMed ID: 33658631. *These authors contributed equally. Supplemen-

tary Material: All supplementary material can be found in the supplement of Harris et al., Genet

Med. 2021.

2.1 Introduction

Autism spectrum disorder (ASD), marked by deficits in social communication and the presence of

restricted interests and repetitive behavior, is highly heritable and genetically heterogeneous, with de
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novo loss-of-function variants as known contributors to ASD risk232. ASD is often comorbid with

other neurodevelopmental diagnoses, including attention-deficit/hyperactivity disorder (ADHD).

Emerging evidence also points to a role of de novo loss-of-function variants in ADHD18.

RFX3 is a member of the regulatory factor X (RFX) gene family which encodes transcription

factors with a highly-conserved DNA binding domain. RFX3 is expressed in several tissues includ-

ing developing and adult brain, and other RFX family members (RFX1, 4, 5, and 7) are also highly

expressed in brain tissue, with expression patterns of RFX1, 3, 4 and 7 clustering tightly255

We report a series of 38 individuals from 33 families with deleterious, mostly de novo variants in

three brain-expressed members of the RFX family: RFX3,RFX4, orRFX7. RFX3was among 102

genes recently identified as statistically enriched for de novo variants in a large-scale analysis of trio

exome data from individuals with ASD,232 but to dateRFX4 andRFX7 have not been previously

associated with human disease. Analysis of case clinical data reveals common features including

intellectual disability (ID), ASD, and/or ADHD, delineating a novel neurobehavioral phenotype

associated with RFX haploinsufficiency.

2.2 Results

2.2.1 Case series of individuals with de novo or inheritedRFX3 variants

We identified and obtained clinical information from 18 individuals bearing loss-of-function vari-

ants inRFX3 via GeneMatcher244. Genotypic information is provided in Table 2.1, clinical pheno-

types are summarized in Tables 2.2 and S1, and predicted variant impacts are summarized in Sup-

plemental Table S2.2. A total of 15 distinct variants were identified: two frameshift variants, two

canonical splice donor variants, eight missense variants, one in-frame deletion, one 42 kb deletion

removing the last two exons ofRFX3, and one 227 kb deletion involving onlyRFX3. In one family,

an affected parent transmitted a frameshift variant to three affected children; all other variants were
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Figure 1. Pedigrees of reported individuals with RFX3, RFX4, and RFX7 variants.
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Figure 2.1: Pedigrees of reported individuals with RFX3, RFX4, and RFX7 variants. A. RFX3, RFX4, and RFX7 case pedi‐
grees. All pedigrees show de novo origin of variants except for RFX3‐8a‐d: a 33 year‐old affected mother carrying the
variant p.(Leu496Alafs*7) with transmission to three children, and pedigree RFX4‐3a‐c: three affected children homozy‐
gous for p.(Thr247Met).

de novo and novel (Figure 2.1A).

There were thirteen males and five females, with no sex-based differences in severity of pheno-

type. All individuals had neurodevelopmental delays, with formally recorded clinical diagnoses

of ASD (72%) and ID of varying severity (borderline to moderate) or global developmental delay

in young children (78%) and ADHD (56%) (Table S2.1). Many showed a distinct behavioral pat-

tern marked by easy excitability/overstimulation, hypersensitivity to sensory (particularly auditory)

stimuli, anxiety, emotional dysregulation and/or aggression (13/15 [87%] with specific behavioral

information provided). Three individuals were reported to have seizures (17%). Some individuals

had sleep difficulties (44%) including limited total duration of sleep, frequent awakenings, or early

morning awakenings. Subtle non-specific and non-recurrent dysmorphisms were commonly re-
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ported (61%), including broad nasal bridge, high, arched palate, and hand and foot abnormalities

(tapered fingers, widely spaced toes), but no consistent recognizable features were shared by all in-

dividuals. Both macrocephaly (six individuals) and microcephaly (two individuals) were reported

(8/11 individuals [73%] with a head circumference measurement or percentile provided). Mag-

netic resonance imaging (MRI) of the brain was available for eight individuals, with reports of non-

specific findings in four, including white matter changes, uncal asymmetry, partially empty sella, or

prominent ventricles. One individual had mild thinning of the corpus callosum. Five of seven indi-

viduals (71%) who were past the onset of puberty (ages 12-30 years) had reports of behavioral and/or

cognitive worsening at the time of puberty/adolescence. Three had increased aggression specifically

noted. Three were described as having manic and/or psychotic symptoms, specifically two described

as having hallucinations (one requiring psychiatric hospitalization) and another described as having

conversations with imaginary friends. Three were reported to have had decline in cognition, one in

adolescence and another around 28 years of age.

2.2.2 Variants in additional RFX family genes are associatedwith similar

neurodevelopmental phenotypes

Additional individuals were ascertained who harbored loss-of-function variants in other closely

related genes of the RFX family. Fourteen individuals bearing de novo loss-of-function variants in

RFX7were identified (Tables 1 and 2), including four frameshift variants, five stop gain variants,

one in-frame deletion, and two missense variants (Table 2.1, Table S2.2). Slightly more males were

identified than females (eight males, six females) without differences in phenotype based on sex. All

individuals had language delay, and most had ID/global developmental delay (93%) (Table S2.1).

While formal diagnoses of ASD (36%) and/or ADHD (29%) were less consistent, autistic features

and/or significant behavioral challenges akin to those seen inRFX3 individuals were reported in the

majority of cases, including excitability/overstimulation, sensitivity to sensory (particularly audi-
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Table 2.1: Molecular findings in individuals with ASD, ADHD, and/or ID and variants in RFX3, RFX4, or RFX7

Gene Individual Inheritance gDNA (GRCh38) cDNA Protein Category Domain

RFX3

RFX3-1 de novo chr9:g.3293222_3293224del c.584_586del p.(Glu195del) Inframe deletion DBD
RFX3-2 de novo chr9:g.3293086A>C c.722T>G p.(Leu241Trp) Missense DBD
RFX3-3 de novo chr9:g.9p24.2del NA (gene deletion) Deletion (all)
RFX3-4 de novo chr9:g.3197716_3239762del c.1968+8270_*27326del (exon 17 and exon 18 deleted) p.Phe647_Val749del Deletion DD
RFX3-5 de novo chr9:g.3248169C>A c.1831G>T p.(Asp611Tyr) Missense DD
RFX3-6 de novo chr9:g.3257101dupG c.1704dup p.(Trp569Valfs*6) Frameshift DD
RFX3-7 de novo chr9:g.3248031C>T c.1968+1G>A exon 16 splice donor loss Splicing DD

RFX3-8a-d inherited chr9:g.3263053_3263054del c.1486_1487del p.(Leu496Alafs*7) Frameshift DD
RFX3-9 de novo chr9:g.3301541C>T c.549+5G>A exon 6 splice donor loss Splicing DBD
RFX3-10 de novo chr9:g.3270401G>T c.1327C>A p.(Leu443Ile) Missense EDD
RFX3-11 de novo chr9:g.3293134A>G c.674T>C p.(Phe225Ser) Missense DBD
RFX3-12 de novo chr9:g.3271057A>G c.1148T>C p.(Phe383Ser) Missense EDD
RFX3-13 de novo chr9:g.3293221C>T c.587G>A p.(Gly196Glu) Missense DBD
RFX3-14 de novo chr9:g.3263017G>T c.1523C>A p.(Ala508Glu) Missense DD
RFX3-15 de novo chr9:g.3256992T>C c.1813A>G p.(Ser605Gly) Missense DD

RFX4

RFX4-1 de novo chr12:g.106750773_106750787del c.1915_1929del p.(Tyr639_Ser643del) Inframe deletion NA
RFX4-2 de novo chr12:g.106654271C>A c.235C>A p.(Arg79Ser) Missense DBD

RFX4-3a-c recessive (homozygous) chr12:g.106696353C>T c.740C>T p.(Thr247Met) Missense NA
RFX4-4 de novo chr12:g.106715490A>G c.1084A>G p.(Thr362Ala) Missense DD

RFX7

RFX7-1 de novo chr15:g.56094696del c.3032del p.(Ser1011Ilefs*19) Frameshift NA
RFX7-2 unknown (adopted) chr15:g.56096328_56096329del c.1399_1400del p.(Met467Glufs*19) Frameshift NA
RFX7-3 de novo chr15:g.56095010G>T c.2718C>A p.(Tyr906*) Stop Gain NA
RFX7-4 de novo chr15:g.56095503G>C c.2225C>G p.(Ser742*) Stop Gain NA
RFX7-5 de novo chr15:g.56095615dupT c.2113dup p.(Thr705Asnfs*12) Frameshift NA
RFX7-6 de novo chr15:g.56094730dupT c.2998dup p.(Thr1000Asnfs*9) Frameshift NA
RFX7-7 de novo chr15:g.56095010G>C c.2718C>G p.(Tyr906*) Stop Gain NA
RFX7-8 de novo chr15:g.56095444C>A c.2284G>T p.(Gly762*) Stop Gain NA
RFX7-9 de novo chr15:g.56094643T>C c.3085A>G p.(Ile1029Val) Missense NA
RFX7-10 de novo chr15:g.56094645G>A c.3083C>T p.(Pro1028Leu) Missense NA
RFX7-11 de novo chr15:g.56094648del c.3080del p.(Thr1027Ilefs*3) Frameshift NA
RFX7-12 de novo chr15:g.56095495C>A c.2233G>T p.(Glu745*) Stop Gain NA
RFX7-13 de novo chr15:g.56095266_56095269dup c.2459_2462dup p.(Trp821Cysfs*13) Frameshift NA
RFX7-14 de novo chr15:g.56094864_56094869del c.2859_2864del p.(Pro964_Thr965del) Inframe deletion NA

tory) stimuli, a high pain threshold, emotional dysregulation, aggression, and anxiety (8/8, 100%

of those with specific behavioral information provided). Abnormal head size (five individuals with

microcephaly and three with macrocephaly) was noted in 7/11 (64%) that provided head circum-

ference measurements. In 5/11 patients (45%) who had neuroimaging, MRI abnormalities were

observed (Dandy-Walker malformation, cerebellar tonsillar herniation, an abnormality of the basal

ganglia, and a fourth case with limited information but an “abnormal brain MRI” noted). Subtle

clinical dysmorphisms were reported in 86% including abnormalities of the hands and feet such as

widely spaced toes, syndactyly, or long tapered fingers (50%). Again, no consistent dysmorphisms

were evident across individuals.

Six individuals with probable loss-of-functionRFX4 variants were also identified (Tables 2.1).

Three were individuals who harbored de novo RFX4 variants, including an in-frame deletion (RFX4

p.(Tyr639_Ser643del)), and two predicted damaging missense variants (RFX4 p.(Arg79Ser) and

p.(Thr362Ala)) (Table 2.1, Table S2.2). We also report a pedigree in which three additional related
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individuals (siblings) were homozygous for a missense variant inRFX4 (p.Thr247Met) altering a

well-conserved threonine residue. Parents of these siblings were first cousins, each heterozygous

for the mutation and without any known neurobehavioral phenotype, and a heterozygous sibling

was similarly reported as neurotypical; this pedigree therefore raises the possibility that theRFX4

phenotype may be associated with both monoallelic and biallelic inheritance as has been described

for several other genetic conditions84. Of these six individuals, three were female and three were

male. All were noted to have ID or global developmental delay (100%) and most had documented

ASD (83%). Four individuals were normocephalic, and one was microcephalic. Neuroimaging was

performed in two and demonstrated asymmetric volume loss in one individual and absent pituitary

gland in another individual with hypopituitarism. The latter individual also presented with cleft

lip and palate. Seizures were described in two individuals (33%). No consistent dysmorphisms were

evident.

2.2.3 RFX3,RFX4, andRFX7 variant analyses

In total, 33 distinct variants inRFX family members (15RFX3, 4RFX4, and 14RFX7were identi-

fied (Table 2.1). Excluding related individuals, each case involved a novel variant (e.g., there were no

recurrent variants). RFX3,RFX4, andRFX7 each exhibit intolerance to loss-of-function variation

in human population databases (gnomAD, pLI scores = 1.00). All variants were absent from gno-

mAD except forRFX7 p.Pro964_Thr965del, which is detected at a very low frequency in gnomAD

v2.1.1 (AF 0.00007677) leading us to formally classify it as a variant of uncertain significance (VUS)

(see SupplementalRFX7Case Descriptions Individual 14 for further details). The fact that the ma-

jority of variants identified are predicted to cause outright protein truncation or gene deletion (20

out of 33) strongly supports a loss-of-function / haploinsufficiency model. Of the thirteen missense

variants, eleven were predicted to be damaging by at least four of six algorithms (NsynD score >=4)

and two missense variants were predicted damaging by at least 2 algorithms (RFX4 p.(Thr247Met)

58



and p.(Thr362Ala)) (Table S2.2). All missense variants affect highly conserved amino acids (Phast-

Cons vertebrate, mammalian, and primate scores ranging from 0.99-1.00) (Table S2.2).

RFX transcription factors are defined by a conserved, specialized winged-helix type DNA bind-

ing domain (DBD) that recognize the X-box motif. In addition to the DBD,RFX3 andRFX4 have

three known domains that are associated with dimerization (DD)255. RFX4 andRFX7 variants

did not exhibit clustering to specific functional domains, but all of the non-truncating (missense

or in-frame deletion) variants identified inRFX3were found to be located in the DBD or one of

the dimerization domains (Figure 2.2A, Table 2.1). We engineered five of the non-truncating vari-

ants – p.(Glu195del), p.(Leu241Trp), p.(Phe383Ser), p.(Leu443Ile), and p.(Asp611Tyr) – into a

V5-RFX3 heterologous expression vector for protein stability analyses in HeLa cells (Figure S1).

The majority of these variants resulted in significant decreases in detectableRFX3 levels, consis-

tent with a destabilizing impact on protein expression. Two missense variants, p.(Leu241Trp) and

p.(Leu443Ile) (residing in the DNA binding domain or the second extended protein dimerization

domain, respectively) did not appear to impact protein stability, raising the possibility that they

might disrupt more specific functional interactions ofRFX3 to be investigated more thoroughly in

the future.

We examined 35 additional reported variants inRFX3,RFX4, andRFX7 from prior studies of de

novo or inherited variants in ASD and neuropsychiatric conditions (Table S2.3, Figure A.13)232,225,278,150,136.

Missense variants from the literature tended to be of milder predicted deleteriousness than those re-

ported here (Figure 2.2B). Sixteen were inRFX3, including five de novo variants (four protein trun-

cating and one missense variant predicted damaging by all six algorithms, NsynD6, supportive of

likely deleteriousness), seven inherited variants (four CNVs, one frameshift variant (p.(Pro408fs))

and three missense variants (p.(Thr151Ala), p.(Ala101Thr), p.(Arg615His); NsynD scores 3-6), and

four copy number variants (all microdeletions) were reported for which parental inheritance was not

established (Table S2.3). Among previously reportedRFX7 variants, one was a de novo frameshift
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and one was an inherited frameshift variant. There were also six reported inherited missense variants

(6/6 with NsynD >4), and two de novomissense variants that are likely benign. Finally, there were

nine previously reportedRFX4 variants, only one of which was de novo (a missense variant lacking

strong evidence of pathogenicity), and eight inherited missense variants of varying predicted delete-

riousness (NsynD scores 3-6).

2.2.4 RFX expression is enriched in human brain

RFX3,RFX4 andRFX7 have been reported to have relatively high expression in human fetal cor-

tex119. To determine whether specific cell types are affected by RFX haploinsufficiency, we exam-

ined single-cell transcriptomes from developing and adult human cortex (Figure 2.3A-F, Figure

A.14A-B)275,208. In developing human cortex,RFX3 andRFX7 exhibited the strongest brain ex-

pression, withRFX3most highly expressed in maturing excitatory upper enriched neurons,RFX4

most highly expressed in outer radial glia, andRFX7most highly expressed in interneurons from

the medial ganglionic eminence (Figure 2.3A-C). We also examined RFX expression patterns in the

adult human cortex (Figure 2.3D-F, Figure A.14A-B)275,208. Again,RFX3 andRFX7 exhibited the

highest expression. RFX3was most highly expressed in glutamatergic layer 2/3 neurons, followed

by astrocytes. RFX7was expressed in both inhibitory and excitatory neurons. RFX4 expression was

much lower overall, but highest in astrocytes (Figure 2.3F). These expression profiles suggest that

RFX deleterious variants may lead to our observed neurodevelopmental phenotypes by altering

early developmental cell fates or by impacting the function of upper-layer cortical neurons, astro-

cytes, and interneurons.
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Figure 2.2: Distribution and predicted deleteriousness of RFX variants. A. Mapping of selected RFX variants to do‐
mains. Whole gene deletion and intronic variants are not illustrated. RFX3 (NP_602304.1), RFX4 (NP_998759.1), RFX7
(NP_073752.5). B. Missense variant deleteriousness scores for the currently reported variants (current) and prior re‐
ported variants (prior) in RFX3, 4, and 7. The distribution of MPC scores for missense variants reported in this study is
significantly different from that of prior reported missense variants, Kolmogorov‐Smirnov (K‐S) test p‐value <0.05 (p‐
value=0.015). MPC, Missense badness, PolyPhen‐2, and Constraint. NsynD, Nonsynonymous Damaging score. CADD,
Combined Annotation Dependent Depletion.
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Figure 2.3: RFX3, RFX4, and RFX7 expression patterns in human cortex and haploinsufficiency gene dosage model. A.
Transcriptomic cell types in the prenatal human cortex identified by single‐cell RNA‐ sequencing.24 B. RFX3, 4, and 7
expression patterns in single cells of the prenatal human cortex. C. Heatmap of RFX3, 4, and 7 expression levels among
cell types in the prenatal human cortex. D. Transcriptomic cell types in the postnatal human cortex identified by single‐
cell RNA‐ sequencing.11 E. RFX3, 4, and 7 expression patterns in single cells of the postnatal human cortex. F. Heatmap
of RFX3, 4, and 7 expression levels among cell types in the postnatal human cortex. G. The enrichment of KEGG path‐
ways, ciliary genes, ASD risk gene sets, and ASD differentially expressed genes (DEGs) among RFX3 ChIP‐seq binding
targets. Pathways and ASD gene sets are ranked by their statistical significance (p.adjust values, Benjamini‐Hochberg’s
correction). Red arrows indicate ASD risk gene sets and ASD DEGs. X‐axis shows the number of genes bound by RFX
in their promoter regions. H. Binding of RFX family transcription factors bind to X‐box motif in promoter regions of
ciliary and immunologic genes. Target gene lists obtained from Piasecki, Durand, Reith, Sugiaman‐Trapman.3,37‐39
Model of RFX gene dose‐dependent regulation of genes. In tissues with higher expression of RFX genes, ASD genes
are activated. Lower levels of RFX genes are sufficient to activate ciliary genes. vRG, ventricular radial glia. oRG, outer
radial glia. PgG2M, cycling progenitors G2/M phase. PgS, cycling progenitors S phase. IP, intermediate progenitors.
ExN, migrating excitatory. ExM, maturing excitatory. ExM‐U, maturing excitatory upper enriched. ExDp1, excitatory
deep layer 1. ExDp2, excitatory deep layer 2. InMGE, interneuron MGE. InCGE, interneuron CGE. OPC, oligodendrocyte
precursor cells. End, endothelial. Per, pericyte. Mic, microglia. Neu‐mat, immature neurons. Neu‐NRGN, NRGN express‐
ing neurons. L5/6, layer 5/6 excitatory neurons. L5/6‐CC, layer 5/6 excitatory cortico‐cortical projection neurons. L4,
layer 4 excitatory neurons. L2/3, layer 2/3 excitatory neurons. IN‐SST, somatostatin interneurons. IN‐PV, parvalbumin
interneurons. IN‐SV2C, SVC2 expressing interneurons. IN‐VIP, VIP interneurons. AST‐ FB, fibrous astrocytes. AST‐PP,
protoplasmic astrocytes. OPC, oligodendrocyte precursor cells.
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2.2.5 RFX binding motifs are present in ASD risk gene cis-regulatory regions

Dysregulated gene expression, especially in upper layer cortical neurons, has been implicated in ASD

pathogenesis275,256. Given the expression ofRFX3 in layer 2/3 neurons and the autistic features

of individuals reported here, we considered whetherRFX family genes might be important tran-

scriptional regulators of ASD risk genes. RFX family transcription factors bind to a characteristic

consensus motif called an X-box (GTHNYY ATRRNAAC)62 with individual family members

having additional specificity for particular subsequences within this consensus. We therefore per-

formedRFX3, 4, and 7 motif enrichment analysis in upstream regulatory sequences of 187 ASD

risk genes (the union of 102 TADA genes from Satterstrom et al., 2020 and 124 genes meeting

exome-wide significance from Coe et al, 2019)232,45 and an additional set of 447 genes identified

to be upregulated in ASD brains275. We found enrichment of X-box motifs (q-value <0.05) in hu-

man ESC-neuron specific enhancers for ASD risk genes (Table S2.5A). As a group,RFX3 andRFX4

motifs were particularly enriched (q-value <0.005), while theRFX7motif was not (q-value 0.48).

X-box,RFX3 andRFX4motifs were similarly enriched in the enhancer regions of genes upregu-

lated in ASD brains (Table S2.5B). Enrichment ofRFX motifs in promoter regions of ASD risk

genes and DEGs did not emerge (data not shown). Last, we analyzed availableRFX ChIP-seq data

from the ENCODE project (Table S2.6) to determine enrichment for Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathways, ciliary genes, ASD risk gene sets, and ASDDEGs (Table S2.7).

RFX functional binding genes frommost ENCODE cell lines were significantly enriched in ASD

risk genes and DEGs after multiple testing correction (p.adjust < 0.05; Benjamini Hochberg’s cor-

rection; Figure 2.3G, Figure A.16, Table S2.8). Across cell lines, there was a positive correlation

between enrichment in ASD genes andRFX expression levels in that cell type (Figure A.17, Table

S2.9), indicating that higherRFX expression levels may be required to engage ASD relevant targets.

Finally, single gene analyses showed enrichment ofRFX3 andRFX4motifs in the promoters

63



of five ASD-associated genes (FIMO p-value <0.0001, q-value <0.1): AP2S1, KDM6B, ANK2,

NONO, andMYT1L (Figure A.15B, D),78 andRFX3 ENCODEChIP-seq data fromHepG2

cells confirmedRFX3 binding peaks in the promoters of AP2S1, KDM6B, andNONO (Figure

A.15E-G). Notably, de novo loss-of-function variants inKDM6B (MIM 611577) cause a neurode-

velopmental syndrome that has phenotypic overlap withRFX3 haploinsufficiency as described in

this report, namely mild global delays, delayed speech, hypotonia, and features of ASD and ADHD,

while loss-of-function variants inNONO (MIM 300084) andMYT1L (MIM 613084) are a cause

of X-linked and autosomal dominant intellectual disability, respectively (Table S2.4). These cases

support the model thatRFX members may be transcriptional activators of a subset of ASD risk

genes via actions at both enhancer and promoter sites.

2.3 Discussion

Our results delineate a novel human neurobehavioral phenotype including ASD, ID and/or ADHD

due to deleterious variants inRFX family transcription factors. While presence of neuroimaging

findings, seizures, and dysmorphisms varied between different RFX family members, the behavioral

phenotypes of individuals withRFX3,RFX4, andRFX7were strikingly similar, and often included

sensory hypersensitivity and impulsivity. Like ID/DD and ASDmore generally,211 individuals with

RFX variants also exhibited a male bias.

This report complements accumulating statistical genetic evidence forRFX3 as an ASD risk

gene232 and extends these findings to the closely relatedRFX family membersRFX4 andRFX7.

Two-thirds of individuals withRFX3 variants in our series carried an ASD diagnosis, half had

ADHD, and just over half of individuals had ID. Several individuals withRFX3 variants also exhib-

ited post-pubertal cognitive or behavioral regression sometimes accompanied by psychosis. RFX3

CNVs have been previously reported in schizophrenia278,225. RFX3 also lies within the region of
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the chromosome 9p deletion syndrome (OMIM#158170), associated with developmental delay,

ID, and ASD, although the size of the deletions in this syndrome makeRFX3 unlikely to be the sole

contributor.

This report also implicates bothRFX4 andRFX7 as causes of human neurodevelopmental dis-

orders. Individuals withRFX4 orRFX7 variants were somewhat more severely affected than those

withRFX3 variants, withRFX7 less likely to be associated with ASD or ADHD, but showing al-

most uniform diagnoses of language delay and ID (92%). There were fewer individuals identified

withRFX4 variants, but those identified had high rates of ASD and ID.

RFX family members have been previously known for their biological roles in cilia development.

TheRFX3 transcription factor activates core components necessary for development and mainte-

nance of both motile and primary cilia64,43,25, and biallelicRFX3 knockout in mice results in situs

inversus, hydrocephalus, and deficits in corpus callosum formation25,23,12. This raises the ques-

tion of whether the neurodevelopmental phenotypes reported here may be mechanistically related

to cilia development – e.g., a hypomorphic human ciliopathy. The majority of described genetic

ciliopathies are recessive, and therefore not due to haploinsufficiency, but some (e.g. Meckel syn-

drome, Joubert syndrome, Bardet-Biedl syndrome, oral-facial-digital syndrome type I) may be as-

sociated with neurodevelopmental abnormalities and/or brain malformations. On the other hand,

the individuals described in this report lack systemic features of ciliopathies, suggesting the alter-

native hypothesis thatRFX haploinsufficiency may directly dysregulate the expression of ASD risk

genes while leaving ciliary genes intact (Figure 2.3H). Future work, which may include analyzing

cilia morphology and function in cellular or animal models ofRFX haploinsufficiency, or character-

izing transcriptome-wide effects ofRFX gene disruption, may prove helpful in distinguishing these

hypotheses.

Enriched expression ofRFX3 in upper cortical layer neurons places this gene in cells that are in-

volved in communication between regions of the cortex important for higher cognition and social
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behavior247, raising the possibility that haploinsufficiency may disrupt either the developmental

specification, synaptic connectivity, or electrophysiological function of this set of neurons. Pro-

jection neurons in this layer have been implicated in ASD by analyses of co-expression networks

of autism genes284,201, and superficial cortical neurons exhibit the strongest amount of differen-

tial gene expression in ASD brains compared to controls275,256. Sun and colleagues in fact showed

strong enrichment ofRFX motifs in differentially acetylated peaks upregulated in ASD brains com-

pared to controls256. Future studies aimed at understanding the downstream targets ofRFX family

members in human brain may shed new light on pathways important to the molecular pathogenesis

of ASD, ADHD, and ID.
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Main tables and all supplemental data can be found in the supplemental materials associated with

the publication Harris et al., 2021 and include detailed clinical descriptions for each affected indi-
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vidual.

2.7 Materials andMethods

2.7.1 Case Ascertainment andData Collection

We obtained phenotypic data from 15 unrelated individuals with loss-of-function variants inRFX3,

4 unrelated individuals with loss-of-function variants inRFX4, and 14 unrelated individuals with

loss-of-function variants inRFX7. Individual case summaries for all individuals are provided (Sup-

plemental Data). Variants arose de novowith the exception of four related individuals from the same

nuclear family with the same heterozygous loss-of-function variant inRFX3, and three other re-

lated cases inRFX4 (homozygous for an inherited missense variant). Pedigree information and con-

tributed photographs are shown in Figure 1. Diagnoses of ASD were reported in the medical record,

but not uniformly evaluated by standardized measures such as the Diagnostic and Statistical Man-

ual, Fourth or Fifth Edition (DSM-IV and 5), Autism Diagnostic Observation Schedule (ADOS),

or Autism Diagnostic Interview, Revised (ADI-R). Similarly, ID and ADHD diagnoses were ac-

cepted per clinician report and not always accompanied by standardized cognitive or behavioral

testing measures.

2.7.2 Exome Sequencing

Individuals included underwent exome sequencing on a clinical or research basis. Seven of the indi-

viduals were sequenced through GeneDx using genomic DNA from the proband or proband plus

parents, captured using either the Clinical Research Exome kit (Agilent Technologies, Santa Clara,

CA) or the IDT xGen Exome Research Panel v1.0, and sequenced on an Illumina system with

100bp or greater paired-end reads. Reads were aligned to human genome build GRCh37/UCSC

hg19, and variants were analyzed and interpreted as previously described using variant classification
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criteria publicly available on the GeneDx ClinVar submission page (see Web Resources). Two cases

ofRFX7were sequenced through Ambry Genetics whose gene and variant classification process are

available on the AmbryGenetics web page. The remainder of the individual’s exome sequencing was

performed through the clinicians’ institutions or an external laboratory or research program (see

Acknowledgments).

2.7.3 Variant Analyses

Variant genomic coordinates are reported in relation to the Human Dec. 2013 (GRCh38/hg38) As-

sembly. The reference mRNA and protein sequences used areRFX3NM_134428.2, NP_602304.1;

RFX4NM_213594.2, NP_998759.1; andRFX7NM_022841.5, NP_073752.5. The variant

databases gnomAD v2.1.1 and v3 were examined for the presence of each variant120 Predictions

of the functional effects for all variants were assessed using MutationTaster, SIFT, PolyPhen2,

PROVEAN, LRT, andMutationAssessor, and the total number of algorithms out of six with a

deleterious prediction is referred to as the Nonsynonymous Damaging score (NsynD) as previously

described57

2.7.4 Cell transfection and culture

HumanRFX3 (NM_134428.2; HumanRFX3 cDNA) was cloned into V5-tagged mammalian

expression vectors using the Gateway cloning system (Thermo Fisher Scientific). Point mutations

were introduced with the QuikChange Lighting Site-DirectedMutagenesis kit (Agilent Technolo-

gies) to incorporate variants from affected individuals. To quantify the expression level of exoge-

nousRFX3, equal amounts of tagged-RFX3 expression vectors were transfected into Hela cells

using Lipofectamine 3000 (Thermo Fisher Scientific). The transfected cells were cultured for 48

hours before harvesting. Cell extracts were analyzed by immunoblotting, using antibodies raised
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againstRFX3 (HPA035689, Sigma-Aldrich), V5 (R960-25, Thermo Fisher Scientific), or beta actin

(ab6276, Abcam). Blots were scanned on a Li-Cor Odyssey imager (Li-Cor). Signal intensities were

quantified using Image Studio Lite (Li-Cor). Each immunoblot analysis was replicated six times.

One-way ANOVA by repeated measures was employed. Multiple comparison correction was per-

formed by using Dunnett statistical testing.

2.7.5 KEGG pathway and ASD gene set over-representation analysis

ChIP-seq and eCLIP-seq narrowPeak bed files for RFX family members, CREBBP, EP300, FMR1,

FXR1, and FXR2 were obtained from the ENCODE portal,49 and additional ChIP-seq data for

RFX3_K562 were obtained from RegulomeDB28 (Table S2.6). Functional binding genes (1 kb up-

stream/downstream of TSS [transcriptional start site]) were annotated using ChIPseeker295. ASD

risk gene lists included 102 TADA genes from Satterstrom et al. and 253 ASD/ID genes from Coe

et al. (Table S2.7)232,45 Differentially expressed genes (DEGs) in ASD brains were extracted from

Velmeshev et al. excluding endothelial DEGs that could originate from vascular cells in the brain

(Table S2.7)275. The SYSCILIA Gold Standard (SCGSv.1) was used as a gold standard of known

ciliary genes in human271. Customized KEGG (Kyoto Encyclopedia of Genes and Genomes) path-

way analysis was performed using clusterProfiler294 to determine the enrichment for KEGG path-

ways, ciliary genes, ASD risk gene sets, and ASDDEGs. Multiple testing correction was performed

using Benjamini-Hochberg correction (Table S2.8). Annotations, statistical analyses, and plots were

implemented in R.

2.7.6 Motif Analyses

For motif occurrence analysis, FIMOwas used to scan promoter sequences for individual occur-

rences of RFXmotifs78. For all analyses, motif models were obtained from the JASPAR 2020
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database71. Motifs searched for includedRFX3 (MA0798.1),RFX4 (MA0799.1), andRFX7 (MA1554.1).

Promoter sequences were defined as -1000 base pairs and +500 base pairs relative to the transcrip-

tion start site. Motif occurrences were classified as significant based on a reporting threshold of p-

value <0.00001 and q-value (Benjamini) <0.10. For motif enrichment analysis, we used the HOMER

findMotifs.pl and findMotifsGenome.pl scripts. Motifs were classified as enriched based on fold-

enrichment > 1.5 over randomly selected background sequences with matched GC% content, and

q-value (Benjamini) <0.01. Enhancer sequences associated with genes of interest were obtained

from Enhancer Atlas 2.073. ASD risk gene lists were obtained as noted previously to include 102

TADA genes and 124 ASD/ID genes reaching exome-wide significance232,45.
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”The mind is the result of the activities of the brain.”

John Searle

3
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Multi-omic dosage analysis of the ciliogenic

transcription factorRFX3 reveals a novel

role in modulating activity-dependent

responses via enhancing CREB binding in

human neurons

This section is based on the following manuscript in which I made significant contributions during

my PhD studies:

Lai J, Demirbas D, Phillips K, Zhao B, Wallace H, SeferianM, Nakayama T, Harris HK, Chatzi-

pli A, Lee EA, Yu TW.Multi-omic dosage analysis of the ciliogenic transcription factorRFX3 re-

veals a novel role in modulating activity-dependent responses via enhancing CREB binding in hu-

man neurons. Manuscript under peer review. 2023.

3.1 Introduction

Autism spectrum disorder (ASD) is a highly heritable and genetically heterogeneous condition char-

acterized by deficits in social communication and repetitive behaviors. De novo loss-of-function

variants in over 100 genes are recognized as significant contributors to ASD risk232. Implicated
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genes are broadly involved in gene expression regulation and neuronal communication232. Epi-

genetic and transcriptional changes in postmortem brain tissue from individuals with ASD point

to a functional convergence in synaptic transmission256,275,72. Yet, inaccessibility of brain tissue

in human neurodevelopment limits the understanding of molecular processes that contribute to

neurodevelopmental disorders. Functional neurobiological characterization of ASD risk genes in

experimentally manipulable human model systems can provide insight to underlying disease mecha-

nisms.

RFX3 encodes a member of the RFX family of transcription factors that is characterized by a

highly conserved winged-helix DNA binding domain that recognizes the X-box motif255. Haploin-

sufficiency ofRFX3 leads to a human neurodevelopmental disorder with features including ASD,

ADHD, and behavioral dysregulation85. However, the molecular and cellular basis for the impact

ofRFX3 deficiency on human brain development and function are not understood. Previous stud-

ies ofRFX3 and its binding sites in worms and mouse models have shown thatRFX3 regulates the

expression of ciliary genes, including those involved in recessively inherited human ciliopathies like

Bardet-Biedl syndrome, Alstrom syndrome, andMeckel-Gruber258,64,13. MouseRFX3 knockouts

exhibit defective ciliary assembly and function that results in hydrocephalus, situs inversus, and

corpus callosummalformation146,25,23,165. RFX3 knockout mice also fail to undergo proper differ-

entiation of auditory hair cells as well as pancreatic beta-islet cells3,65.

Of note, previous biological roles ascribed to RFX genes (ciliogenesis, hair cell development,

beta-islet cell development) have emerged from studies of complete knockout animals (e.g., bearing

disruptive mutations in both copies of the gene), while haploinsufficient phenotypes have not been

described. This raises the question as to whether the neurodevelopmental syndrome observed with

heterozygousRFX3mutations in humans can be ascribed to its previously described molecular and

cellular functions – for instance, a ”mild ciliopathy,” since some recessive human ciliopathies are

associated with intellectual disability. Alternatively, the neurobehavioral impacts ofRFX3 haploin-

74



sufficiency could reflect disruption of novel roles and downstream targets.

To address this question, we used human iPSC-derived neuronal cultures and organoids to in-

vestigate the impacts of alteringRFX3 gene dosage on human neuronal development and function.

We present evidence that in addition to its known role as a direct transcriptional activator of cil-

iary genes, RFX3 binds cis-regulatory elements of synaptic genes and regulates their expression in

aRFX3 gene dosage-sensitive manner. Changes inRFX3 gene dosage altered synaptic formation

and spontaneous neural activity. We also present evidence thatRFX3 facilitates CREB binding

at the promoters of activity-dependent genes, and is important for their induction in response to

neuronal depolarization. This study provides insights into the regulatory roles ofRFX3 on neurode-

velopment and synaptic activity and highlights how the tuning of activity dependent responses may

underlie a subset of neurodevelopmental disorders.

3.2 Results

3.2.1 RFX3 regulates neurogenesis in forebrain organoids

RFX3 gene expression is enriched in the developing brain in progenitors and maturing excitatory

neurons85, suggesting possible roles in neuron differentiation or function. To investigate this fur-

ther, we generated dorsal forebrain organoids24 from isogenic human iPSCs with CRISPR-Cas9

engineered heterozygous (HET) and homozygous (KO) loss-of-function (LoF) variants inRFX3 in

a control (WT) iPSC line (A.18A). We introduced frameshift variants into exon 5, upstream of the

DNA binding domain (NM_001282116.2:c.313del/ins, c.335ins). Consistent with this resulting

in a null allele, Western blot analysis demonstrated 50% reduced RFX3 protein levels in the HET

iPSCs and no detectable protein in the KO iPSCs (A.18B).

We then characterized forebrain organoids bearing 0, 1, or 2 copies of theRFX3 frameshift vari-

ant at days 45 and 90 in culture using single-cell RNA-sequencing (scRNAseq) to identify alter-
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ations in neurodevelopmental trajectories and cell type specific transcriptional changes (3.1A).

We profiled the gene expression of 114,962 cells, from a total of 34 control and mutant forebrain

organoids across the two time points (A.18C-D). We correlated the transcriptomes of the organoids

at these timepoints with those of the developing human brain from the Brainspan database119.

Overall, day 45 and day 90 organoid transcriptomes were most correlated with the early-mid gesta-

tion stage (8-21 post-conception weeks), which coincides with the period whenRFX3 expression

is the highest, and corresponds to periods of progenitor proliferation and neurogenesis7(A.18E).

RFX3was broadly expressed in progenitors and neurons in the organoids at these two timepoints

(A.18F).

Following integration and annotation of cell types using an ensemble of references from hu-

man fetal brain and forebrain organoid atlases208,218,274, we identified five major cell types, includ-

ing cycling radial glia (cycling_RG), outer radial glia (oRG), intermediate progenitors (IP), deep

layer excitatory neurons (ExDL), and upper layer excitatory neurons (ExUL) (3.1B). Over time, the

organoids recapitulated the main stages of human corticogenesis, including progenitor expansion

and neurogenesis. At day 45, the organoids had developed cycling and outer radial glia (MKI67+,

ASPM+, TNC+, PTPRZ1+) and deep layer excitatory neurons (FOXP2+). By day 90, intermediate

progenitors and upper layer neurons (SATB2+, CUX1+) emerged (3.1B). Each organoid repro-

ducibly generated each cell type, and the expression of top cell type marker genes was highly similar

across individual control organoids (3.1C).

3.2.2 Biallelic loss ofRFX3 leads to delayed neurogenesis

We asked whetherRFX3 disruption may impact developmental cell fates. Comparison of cell type

proportions in control versusRFX3 deficient organoids at day 45 and day 90 demonstrated de-

layed generation of neurons inRFX3KO organoids (3.1D). At day 45,RFX3KO organoids had

a significantly increased proportion of cycling radial glia and outer radial glia, accompanied by a
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Figure 3.1: Altered glutamatergic signaling in RFX3 deficient dorsal forebrain organoids. A. Schematic of dorsal forebrain
organoid development. B. UMAP visualization of five major cell types identified in dorsal forebrain organoids over
development. C. Top five marker genes per cell type in day 90 WT organoids. Each column corresponds to an individual
organoid replicate (n=9). Color bar represents z‐scaled expression. D. Cell type proportions per organoid at day 45 and
day 90. Data represents mean +/‐ SEM. * 95% credible intervals do not overlap, indicating a significant difference in
relative abundance. E. Ciliary Gene Ontology (GO) term enrichment among significantly downregulated genes in RFX3
HET and KO cell types.
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Figure 3.1 (Continued). F. Number of significant inferred interactions in WT, HET, and KO organoids (permutation
test, n=1000 permutations, p‐value<0.05). G. Ranking of signaling pathways by number of links in WT, HET, and KO
organoids. Pathways in blue indicate significantly increased in WT organoids compared to HET and KO (Wilcoxon test,
p‐value<0.05). H. Top, circle plot showing aggregated number of interactions for the significant pathways in (G) in WT,
HET, and KO organoids. Arrow width indicates number of interactions. Bottom, heatmap of aggregated communication
strength for the significant pathways in (G) in WT, HET, and KO organoids.

significantly decreased proportion of deep layer neurons. At day 90,RFX3KO organoids had a

significantly increased proportion of deep layer neurons and decreased proportion of upper layer

neurons (3.1D). This suggests a temporal delay in corticogenesis in organoids with biallelic loss of

RFX3. Notably, specification and development of cell types was not significantly altered inRFX3

HET organoids compared to isogenic controls.

3.2.3 Cell type-specific transcriptional alterations byRFX3 dosage

RFX3 expression is maintained in the postnatal brain into adulthood, and enriched in upper layer

excitatory cortical neurons that engage in cortical-cortical connectivity and demonstrate altered gene

expression and function in models of ASD108,275,68,223,293,182,85. Brain magnetic resonance imaging

(MRI) of individuals withRFX3 haploinsufficiency fail to reveal consistent gross anatomical ab-

normalities85. This raised the possibilityRFX3 haploinsufficiency may instead alter gene expression

networks critical to postnatal neuronal function.

Given thatRFX3 is well-known for its role in ciliogenesis, we first asked whether ciliary gene ex-

pression is disrupted in organoids with single or biallelic LoF variants inRFX3. To understand the

cell type specific transcriptional perturbations caused byRFX3 deficiency, we identified genes differ-

entially expressed in each cell type inRFX3HET or KO organoids, compared toWT (A.19,A.20,

Table S3.1). SinceRFX3 is a transcriptional activator, we focused on downregulated genes as pri-

mary transcriptional alterations induced byRFX3 deficiency. This revealed that at both day 45 and

day 90,RFX3KO organoids demonstrated significant disruption of ciliary assembly and organiza-
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tion genes, specifically in oRG, that was more pronounced by day 90.

In contrast,RFX3HET organoids did not show significant dysregulation of these ciliary pro-

cesses in any cell type (3.1E, Table S3.2). Instead, genes downregulated inRFX3HET organoids

were strongly enriched for axon development, synapse organization, and modulation of chemical

synaptic transmission. This pattern was recapitulated across several cell types and at both develop-

mental timepoints (Figure S2-S3, Table S3.2). Furthermore, ligand-receptor (L-R) analysis using

NeuronChat301 revealed that the overall number of significant L-R interactions was decreased in

RFX3 deficient organoids (3.1F). Specifically, glutamatergic signaling (ligand: glutamate, receptors:

GRIN2B, GRIK5, GRIK2, GRIA4, GRIA2, GRM8, GRIK4, GRIA3, GRIA1, GRM1, GRIK1,

GRIN2D, GRM4, GRIN1, GRIK3) was significantly decreased inRFX3HET and KO organoids

(3.1G). In aggregate, these significantly altered glutamatergic L-R pairs predominantly originate

from ExUL inWT organoids, while no significant interactions were present between ExUL and

other cell types inRFX3 deficient organoids (3.1H). These results suggest that glutamatergic signal-

ing, specifically involving ExUL neurons, is disrupted inRFX3 deficiency.

3.2.4 Synaptic genes are sensitive toRFX3 dosage

We usedNgn2 induction ofRFX3WT, HET, and KO iPSCs to explore the potential influence of

RFX3 on glutamatergic signaling further299. RFX3WT neuronal cultures demonstrated robust

RFX3 expression assessed byWestern blot at day 14, while levels were decreased in HET and KO

neurons as expected (A.21A-B).

We profiled gene expression patterns ofRFX3WT, HET, and KO neurons at day 14 in culture

to identify differentially expressed genes (3.2A, Table S3.3). Functional enrichment analysis revealed

that, similar to the dorsal forebrain organoids, genes downregulated inRFX3KO neurons were sig-

nificantly enriched for ciliary processes (cilium assembly, cilium organization), whereas genes down-

regulated inRFX3HET neurons were not (3.2B, Table S3.4-S3.5). As a gross measure, the fraction
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of ciliated neurons (marked ARL13B) was similar between RFX3WT, HET and KO (A.21C-

D). However, expression of a ciliary gene set (CiliaCarta, n=956)270 was on average significantly

reduced inRFX3KO neurons, but not inRFX3HET neurons (3.2C). Western blot analysis for

ciliary protein ARL13B also revealed significant decrease in RFX3 KO neurons, but not in RFX3

HET neurons (A.21E-F). This suggests that ciliogenesis is generally intact in RFX3 haploinsuffi-

ciency.

Instead, the top enriched pathways among downregulated genes inRFX3HET and KO neurons

were related to neurodevelopment and synaptic function, including forebrain development, modu-

lation of chemical synaptic transmission, synapse assembly, and synapse organization (3.2D, Table

S3.4-S3.5). Synaptic genes131, as a set (SynGO, n=1233), had significantly reduced expression in

RFX3HET and KO neurons (3.2E). Genes downregulated inRFX3HET and KO neurons were

also enriched for ASD risk genes, defined by SFARI (n=913) and a recent large exome sequencing

study232(ASD102, n=102) (3.2F). We also analyzed the overall expression of ASD risk gene sets as

well as gene sets for rare genetic intellectual disability (ID) (ORPHA:183757, n=1953), ADHD

(n=24)51,126,297, and schizophrenia (SCZ, n=164)159. ASD risk genes (ASD102 and SFARI sets)

were significantly downregulated in bothRFX3HET and KO neurons, while ADHD, ID, and

SCZ risk gene sets were not significantly downregulated in either (3.2G). ASD risk genes with de-

creased expression inRFX3HET and KO neurons were most enriched for synaptic transmission,

signaling, and organization processes, suggesting thatRFX3 regulates a subset of ASD risk genes

primarily involved in neuronal communication (3.2I). These results corroborate the altered gluta-

matergic synaptic signaling inRFX3 deficiency demonstrated by the organoids, further supporting

an underappreciated role forRFX3 in regulating synaptic processes which may underlie the neu-

rodevelopmental phenotype caused byRFX3 haploinsufficiency.
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Figure 3.2: Synaptic gene expression is sensitive to RFX3 dosage. A. Volcano plot showing differentially expressed
genes (DEGs) between RFX3 HET and WT neurons (left) and RFX3 KO and WT neurons (right) at day 14 in culture.
Genes significantly downregulated are in blue (log2FC<‐0.25, FDR<0.05). Genes significantly upregulated are in red
(log2FC>0.25, FDR<0.05). The top DEGs ranked by significance are labeled. B. Gene Ontology (GO) term enrichment
analysis of significantly downregulated genes in RFX3 HET and KO. Ciliary related GO terms shown. Dashed line indi‐
cates significance threshold FDR 0.05. C. Average observed log2 fold‐change of ciliary gene set (n=956 CiliaCarta) in
RFX3 HET and KO neurons compared to permuted distribution for randomly sampled gene sets of equal size (n permu‐
tations=1,000, 90 percentile interval). *left‐tailed p <0.05, permutation test. D. Gene Ontology (GO) term enrichment
analysis of significantly downregulated genes in RFX3 HET and KO. Top enriched GO terms related to neurodevelop‐
ment shown. Dashed line indicates significance threshold FDR 0.05. E. Average observed log2 fold‐change of synaptic
gene set (n=1233 SynGO) in RFX3 HET and KO neurons compared to permuted distribution for randomly sampled gene
sets of equal size (n permutations=1,000, 90 percentile interval). *left‐tailed p <0.05, permutation test.
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Figure 3.2 (Continued). F. Overrepresentation analysis of ASD risk genes among RFX3 HET and KO downregulated
genes. Dot size indicates significance of enrichment. Color indicates fold enrichment (fraction of overlapping genes
compared to probability of obtaining overlap by chance). G. Average observed log2 fold‐change of neuropsychiatric risk
gene sets in RFX3 HET and KO neurons compared to permuted distribution for randomly sampled gene sets of equal
sizes (n permutations=1,000, 90 percentile interval). *left‐tailed p <0.05, permutation test. ID, intellectual disability.
SCZ, schizophrenia. ADHD, attention‐deficit hyperactivity disorder. H. Gene Ontology (GO) term enrichment analy‐
sis of all ASD risk genes and those significantly downregulated in RFX3 HET and KO neurons. Dashed line indicates
significance threshold FDR 0.05.

3.2.5 RFX3 directly binds cis-regulatory elements of synaptic genes

Downregulation of synaptic genes inRFX3 deficient neurons could occur as a direct effect of de-

creased RFX3 binding to the cis-regulatory elements of synaptic genes, or could be the result of

indirect effects ofRFX3, for instance on neuronal differentiation pathways. Morphological analysis

did not reveal differences in total neurite length (marked by TUJ1) inRFX3+/- neurons (A.22A).

Furthermore, RNA deconvolution analysis (aimed at estimating the maturity of progenitors and

neurons inRFX3WT, HET and KO iPSC-derived neuronal cultures)35 did not show significant

differences in fractions of progenitors and neurons between genotypes over multiple time points,

suggesting that differentiation of Ngn2 neurons was not impaired (A.22B).

To identifyRFX3 targets, we profiled RFX3 binding genome-wide in human neurons using

CUT&RUN-sequencing. This yielded 4,024 RFX3 binding peaks inWT neurons that were not

present in KO neurons (3.3A, Table S3.6). Motif enrichment analysis revealed that the RFX3 motif

was the most enriched among these binding regions and was present in 86% of peaks (RFX3 motif

E-value 3.70e-922, 3.3B). Motif co-occurrence enrichment analysis using SpaMo283 identified bind-

ing motifs for SIX (AACCTGA) (E-value 5.11e-7) and CREB (TGACGTCA) (E-value 2.02e-6);

these were the top enriched motifs that co-occur with the RFX3 motif with zero gap between the

motifs (3.3C). SIX and RFX3 have been shown to cooperatively interact to regulate gene expres-

sion programs in auditory sensory epithelium151, and RFX5 and CREB cooperatively bind the X2

box inMHC class II promoters187. This suggests that RFX3 may also form a complex with these
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transcription factors to regulate gene expression in human neurons.

RFX3 target genes were enriched for ciliary related and synaptic related genes (3.3D). Promoter

peaks (defined as those within 3000 nt of the adjacent gene transcription start site) were enriched

for both ciliary processes and synaptic processes, while distal peaks (>3000 nt) were enriched for

synaptic processes (3.3D). Consistent with RFX3 acting as a direct transcriptional activator, RFX3

target genes exhibited significantly decreased expression inRFX3 deficient neurons (3.3E).

3.2.6 RFX3 exhibits dosage sensitive binding near synaptic genes

Next, we asked why synaptic gene expression is vulnerable to loss of one copy ofRFX3while cil-

iary gene expression is more robust. To investigate potential mechanisms, we characterized RFX3

binding patterns, hypothesizing that differences in ciliary and synaptic gene expression patterns may

simply reflect differential RFX3 binding strength for these genes. Overall, 947/4024 RFX3 binding

sites (24%) demonstrated significantly decreased binding (FDR<0.2) inRFX3HET neurons com-

pared toWT (referred to as “dosage sensitive sites”) (3.3F, Table S3.7). Moreover, fold-changes in

RFX3 peak intensity were significantly correlated with fold-changes in target gene expression (HET

v. WT, Pearson r 0.108, p-value 1.02e-09, n=3,351 target genes) (3.3G). Functional enrichment

analysis revealed that dosage sensitive targets (defined as genes with decreased RFX3 binding and

decreased expression inRFX3HET neurons) were most enriched for axon guidance (i.e., PLXNC1,

NOG, BMPR1B) and synapse organization (i.e., CACNB2, SRGAP2, GRIN2B, CBLN2), and were

not enriched for ciliary pathways (3.3H).
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Figure 3.3: RFX3 exhibits dosage sensitive binding near synaptic genes. A. Aggregate plot of RFX3 CUT&RUN reads
within RFX3 binding peaks called in WT neurons (n=4024 peaks). Trace shows mean +/‐ SEM of n=7 WT replicates, n=6
HET replicates, n=6 KO replicates. 84



Figure 3.3 (Continued). B. RFX3 binding motif enriched within RFX3 binding peaks. C. SIX1 binding motif enrichment
near RFX3 binding motifs in RFX3 binding peaks. Primary (RFX3) and secondary (SIX1) motif alignment. CRE binding
motif enrichment near RFX3 binding motifs in RFX3 binding peaks. Primary (RFX3) and secondary (CRE) motif align‐
ment. D. Gene Ontology (GO) enrichment analysis of genes with an RFX3 peak in the promoter (promoter_peaks) or
distal regions (distal_peaks). E. Log2 fold‐change of all genes or RFX3 target genes in RFX3 HET or KO neurons com‐
pared to WT. *p<0.05, t‐test with Bonferroni correction. F. Aggregate plot of RFX3 CUT&RUN reads within RFX3
binding peaks significantly decreased in RFX3 HET neurons (n=947 peaks, FDR<0.2). Trace shows mean +/‐ SEM of n=7
WT replicates, n=6 HET replicates, n=6 KO replicates. G. Log2 fold‐change in RFX3 peak intensity v. log2 fold‐change
in target gene expression in RFX3 HET neurons. Linear regression model fit with 95% confidence interval (CI) shown.
H. Gene Ontology (GO) enrichment analysis of RFX3 target genes with significantly decreased peak and expression in
RFX3 HET neurons. Dashed line indicates significance threshold FDR 0.05. I. Peak width and RFX3 CUT&RUN signal
among RFX3 dosage sensitive, RFX3 dosage insensitive, ciliary, non‐ciliary, and synaptic regions. *p<0.05, **p<0.01,
***p<0.005, ****p<0.0001, t‐test. J. ATAC‐seq signal in Ngn2 neurons in different sets of RFX3 binding regions. Data
represent mean +/‐ 95% CI. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001, one‐way ANOVA with t‐test with Bonferroni
correction.

3.2.7 RFX3 has weaker binding near synaptic genes associatedwith decreased

chromatin accessibility

We next explored why RFX3 binding sites near synaptic targets might be especially sensitive to ge-

netic dosage, relative to binding sites near ciliary genes. Overall, in WT neurons,RFX3 dosage sen-

sitive sites had decreased peak width and height compared to dosage insensitive sites (3.3I). Corre-

spondingly, ciliary genes had RFX3 peaks with increased peak width and height compared to non-

ciliary genes and synaptic genes (3.3I). This suggested that RFX3 binding sites that are sensitive to

genetic dosage may simply be those that bind less RFX3 at baseline. To break this down further, we

considered whether RFX3 binding strength may be influenced by differences in motif sequences, or

differences in chromatin accessibility. We found that ciliary and synaptic targets contained a similar

number of RFX3 motifs ( 2 RFX3 motifs per binding region; A.22C), and exhibited compara-

ble RFX3 motif scores (A.22D). In contrast, we analyzed ATAC-seq data fromNgn2 neurons228

and found that dosage sensitive sites had significantly decreased chromatin accessibility compared

to dosage insensitive sites (3.3J). RFX3 binding sites near synaptic genes also had significantly de-

creased chromatin accessibility compared to binding sites near ciliary genes (3.3J). These binding
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patterns suggested that decreased chromatin accessibility is one of the factors responsible for de-

creased RFX3 binding affinity near synaptic targets (compared to ciliary targets), rendering synaptic

targets more sensitive toRFX3 gene dosage.

3.2.8 RFX3 binding motifs near ciliary and synaptic genes are evolutionar-

ily conserved

The role of RFX transcription factors in ciliogenesis is evolutionarily conserved down to early

metazoans44, but less is known about the role ofRFX3 in synaptic processes. We asked whether

RFX3 regulation of synaptic genes in neurons is evolutionarily conserved or primate-specific. To

address this question, we converted RFX3 bound regions into their homologous counterparts in

the genomes of other species, and scanned for the presence of RFX3 binding motifs. We defined

primate-specific RFX3 motif occurrences as those found in humans, chimpanzees, or macaques,

and conserved RFX3 motif occurrences as those found in humans, primates, and at least one other

non-primate species. We found that over 90% of RFX3 binding motifs in neuronal RFX3 binding

sites were evolutionarily conserved (3291/3644) while 10% were specific to primates (353/3644).

Conserved motifs were enriched near both ciliary and synaptic genes, suggesting thatRFX3 reg-

ulation of ciliogenesis and synaptic processes is evolutionarily conserved (A.22E). In contrast,

primate-specific motifs were only enriched near genes involved in neurogenesis (A.22E). We next

asked whether the conserved and primate-specific motif occurrences were enriched in different ge-

nomic regions. We found that conserved motifs had an increased proportion in promoter regions

while primate-specific motifs had an increased proportion in distal regions (A.22F, p. adj <0.05,

proportions z-test). This suggests thatRFX3may have acquired primate-lineage specific roles at

distal regulatory elements for additional spatiotemporal control of gene expression130.
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3.2.9 Transcriptional dysregulation of synaptic genes inRFX3 haploinsuf-

ficiency is functionally associatedwith immature neuronal networks

Given thatRFX3 deficient neurons demonstrated decreased expression of genes involved in synaptic

transmission and plasticity, we asked whether this transcriptional dysregulation has functional con-

sequences on synaptic assembly and activity. We first quantified the number of excitatory synapses

marked by SYN1 and PSD-95 colocalization. Synapse number was significantly decreased inRFX3

deficient neuronal cultures compared to control (3.4A). We then used multielectrode arrays (MEA)

to measure spontaneous synaptic activity ofRFX3 deficient neurons compared to isogenic WT con-

trols from one week to eight weeks in culture. MEA captures complex neuronal network activity

over time, where neuronal activity progresses from random spikes, to electrode bursts, to organized

patterns of network wide bursts. Synchronized firing represents strong synaptic connections and

plays a role in activity-dependent organization of cortical networks242,268,33. Synchronized neural

networks increase over brain development, and are a hallmark of mature cortical circuits125,189,202.

We found that overall activity, measured by mean firing rate, did not differ betweenRFX3WT,

HET, and KO (3.4B). However, the number of spikes per network burst and synchrony were de-

creased inRFX3 deficient neurons, indicating decreased synaptic strength and immature network

activity (3.4C-D). We also adopted an established approach to summarize the metrics measured

by the MEA into a single objective neural activity score (NAS) that correlates with time in culture

and reflects network maturation202. RFX3HET and KO neurons had significantly decreased NAS

compared toWT from day 39 onwards (3.4E). These results demonstrate that dysregulated synaptic

gene expression inRFX3 deficient neurons is functionally associated with altered synaptic number,

decreased synaptic strength, and immature network activity.
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Figure 3.4: Decreased synchronized neural networks in RFX3 deficient neurons. A. Quantification and representative
images of SYN1 and PSD95 colocalized puncta on neurites in day 14 neuronal cultures. n=32 wells per genotype. White
arrows mark representative colocalized puncta. Scale bar=100 um.
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Figure 3.4 (Continued). B. Mean firing rate (Hz) of neuronal cultures from day 7 to day 62. C. Average number of spikes
per network burst of neuronal cultures from day 7 to day 62. D. Area under cross‐correlation (measure of synchrony) of
neuronal cultures from day 7 to day 62. E. Neural activity score of neuronal cultures from day 7 to day 62. (A‐D) Data
normalized to the number of covered electrodes per well. Data represented as mean +/‐ SEM. n=32 wells per genotype
from two independent MEA plates. *p<0.05, one‐sided t‐test, red * indicates KO v. WT, yellow * indicates HET v. WT
(A‐D), t‐test (E) with Bonferroni correction.

3.2.10 RFX3modulates CREB-dependent activity-dependent transcriptional

responses

Activity dependent responses are implicated in synaptic plasticity and synaptogenesis which un-

derlies the development of functional neuronal networks, and are transcriptionally dysregulated in

ASD72,263. RFX3 binding sites were enriched for the binding motif of CREB, a key regulator of

activity dependent gene expression programs237 (3.3C).RFX3 and CREB also showed evidence

of protein-protein interaction in a large-scale mammalian two hybrid screen conducted in human

cells217. Notably,RFX3 exhibited binding near CREB target genes involved in activity-dependent

signaling pathways, including the immediate early genes FOSB, JUN, and JUNB (3.5A). These find-

ings suggested thatRFX3may be a direct regulator of activity-dependent gene expression programs.

Consistent with this notion, when we comparedRFX3 binding sites with KCl inducible H3K27ac

regions inNgn2 neurons that mark activity-dependent regulatory elements228, we found both the

RFX3 binding motif andRFX3 binding sites to be significantly enriched (A.23A-B).

3.2.11 RFX3 deficiency leads to blunted CREB-dependent activity induced

gene expression

To test whetherRFX3modulates activity-dependent transcription, we used RNA-seq to profile

activity-dependent gene expression responses of day 14RFX3WT, HET, and KO neurons after

depolarizing with 55 mM potassium chloride (KCl) (3.5B). Previous studies showed that this treat-
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Figure 3.5: RFX3modulates CREB‐dependent activity‐dependent transcriptional responses. A. RFX3 binding peaks in
the promoter regions of FOSB, JUN, and JUNB in RFX3WT, HET, and KO day 14 neurons.
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Figure 3.5 (Continued). B. Schematic of neuronal stimulation with KCl. C. Volcano plot of differentially expressed genes
in 1.5 hour KCl stimulated HET v. WT or KO v. WT neurons at day 14 in culture. Genes significantly downregulated are
in blue (FDR<0.05). Genes significantly upregulated are in red (FDR<0.05). Select immediate early genes are labeled. D.
Fold‐induction of all immediate early genes, FOSB, and JUNB at 1.5, 4, and 6 hours post KCl depolarization compared to
unstimulated neurons. Data represented as mean and 95% CI, *p<0.05 t‐test, n=3 independent neuron differentiations
per genotype. E. Fold‐induction of FOSB, FOSL2, JUNB, NR4A2 at 1.5 hours post KCl depolarization or H89 pretreat‐
ment and KCl depolarization assessed by RT‐qPCR. Data represented as mean +/‐ SEM, n=3‐4 independent wells per
condition. *p<0.05, **p<0.01, ***p<0.005, ns not significant, one‐way ANOVA with t‐test with Bonferroni correction.

ment paradigm results in a peak in immediate-early gene (IEG) induction after 1.5 hours and late

response gene (LRG) induction after 6 hours in human iPSC-derived neuronal cultures26,228. We

used this system to ask whetherRFX3 regulates the magnitude or the timing of IEG induction.

Comparison of stimulated and unstimulatedWT neurons allowed us to identify 240 IEGs and 481

LRGs that were upregulated with KCl stimulation (fold change of at least 2, FDR<0.05) (A.23C,

Table S3.8). Analysis ofRFX3 deficient neurons demonstrated many genes with decreased response

to KCl compared toWT (3.5C, A.23D). IEGs as a group showed significantly decreased induc-

tion by 40% inRFX3 deficient neurons 1.5 hours post depolarization (3.5D). 40/240 (17%) IEGs,

including AP-1 complex members FOSB, FOSL2, JUNB, and JUND, had significantly impaired in-

duction in bothRFX3HET and KO neurons (3.5D, Table S3.9). The degree of impaired induction

was comparable to levels observed in neurons with knockdown of CRTC1, a CREB transcriptional

coactivator26. RFX3 deficient neurons also had a significantly decreased induction of LRGs ( 15%)

6 hours post depolarization (A.23D-E).

We next sought to understand howRFX3 regulates induction of activity dependent genes. RFX3

expression itself was not altered in response to activity, and it localized to the nucleus in both un-

stimulated and stimulated neurons (A.23F-G), suggesting thatRFX3 has a constitutive role in reg-

ulating activity dependent transcription. Next, we considered whetherRFX3 regulation of activity

dependent responses may be CREB dependent or independent. To test whether impaired IEG in-

duction in response to KCl inRFX3 deficient neurons depends on CREB activation by phosphory-
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lation at Ser-133, we measured IEG induction with quantitative real-time PCR (qPCR) on neurons

stimulated for 1.5 hours with either KCl alone or KCl + H89, a protein kinase A (PKA) inhibitor

that blocks CREB Ser-133 phosphorylation82. Consistent with the RNA-seq data,RFX3 deficient

neurons had decreased induction of IEGs in response to KCl compared toWT. This phenotype

was not present when CREB activation was blocked with H89 (3.5G). We also treated neurons

with forskolin (FSK), a compound that activates CREB via activation of adenylate cyclase. RFX3

deficient neurons showed decreased induction of IEGs in response to FSK (A.23H). These results

demonstrate that the impaired IEG induction phenotype is dependent on CREB activation, con-

firming thatRFX3 is involved in the CREB signaling pathway.

3.2.12 RFX3 promotes CREB binding at cis-regulatory elements of activity-

dependent genes

This raises two potential mechanisms by whichRFX3 deficiency might lead to decreased IEG in-

duction: (1)RFX3 could be required for proper CREB activation, such that decreasedRFX3 leads

to decreased CREB phosphorylation in response to stimulation, or (2)RFX3may act in parallel

or downstream of activated CREB to modulate IEG induction. To distinguish between these two

possibilities, we assessed CREB phosphorylation at Ser-133 (P-CREB) levels in response to KCl in

RFX3 deficient compared toWT neurons. By bothWestern blot and immunocytochemistry, P-

CREB levels at 15 min and 1.5 hours post KCl depolarization were similar betweenWT andRFX3

deficient neurons (A.24A-D), indicating that CREB phosphorylation was unaffected byRFX3 defi-

ciency.

This result suggested that despite normal activation of CREB, CREB targets cannot respond ap-

propriately without RFX3. We reasoned that RFX3 may act through promoting CREB binding.

Alternatively, RFX3 could enhance CREB function via other mechanisms, such as facilitating the

recruitment of other factors (e.g., CBP). To begin to test whether CREB binding is directly altered
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inRFX3 deficiency, we profiled CREB binding with CUT&RUN-seq inRFX3WT, HET, and KO

unstimulated neurons. We identified 3,095 CREB peaks inWT neurons. Motif enrichment anal-

ysis revealed that the CREmotif was the most enriched among these binding regions (CREmotif

E-value 5.57e-200, 3.6A-B). In addition, the RFX3 motif was significantly enriched and present

in 10.4% of peaks (RFX3 motif E-value 4.14e-44, 3.6B), suggesting that CREB and RFX3might

co-bind at least a subset of sites. 567 binding sites were shared between CREB and RFX3, includ-

ing the promoters of AP-1 components FOSB, JUNB, and JUN (3.6C, Table S3.10). On average,

RFX3 co-occupied sites had 50% increased CREB CUT&RUN signal compared to sites without

RFX3 (3.6D), consistent withRFX3 promoting CREB binding. In addition, 126/567 (22.2%) of

the CREB sites co-occupied by RFX3 were very sensitive toRFX3 dosage, wherein a CREB bind-

ing peak was not called in theRFX3HET and KO neurons (Table S3.11); these included the AP-1

complex components FOSB and JUNB (3.6G). Fold-change in CREB peak intensity was also weakly

correlated with fold-change in RFX3 peak intensity (HET v. WT, Pearson r 0.08, p-value 0.045,

n=567 sites) (3.6E). The average CREB peak intensity at co-bound sites was significantly decreased

inRFX3HET neurons compared to the permuted distribution (n=1000 permutations) (3.6F).

This suggests that RFX3 directly promotes CREB binding at co-bound sites. (Note that the average

CREB peak intensity at co-bound sites was even further decreased inRFX3KO neurons, but it was

not significantly different from the permuted distribution (n=1000 permutations), suggesting ei-

ther a floor effect, or thatRFX3KO neurons may have additional indirect perturbations that reduce

CREB binding independent of RFX3 binding). Overall, these data support a mechanism whereby

RFX3 and CREB are binding partners at the promoters of a subset of CREB targets. At these sites,

RFX3 promotes CREB binding, such thatRFX3 deficiency leads to decreased CREB binding and

impaired induction of CREB targets in response to stimulation (3.6H, 3.7).
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Figure 3.6: RFX3 promotes CREB binding in unstimulated neurons. A. Aggregate plot of CREB CUT&RUN reads within
CREB binding peaks called in WT neurons (n=3095 peaks). Trace shows mean +/‐ SEM of n=2 WT replicates, n=2 RFX3
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Figure 3.6 (Continued). B. CREB and RFX3 binding motifs enriched within CREB binding regions in WT neurons. C.
Overlap between CREB‐bound and RFX3‐bound regions in WT neurons. D. CREB CUT&RUN signal at all, RFX3 un‐
bound, and RFX3‐bound CREB binding sites in WT neurons. ****p<0.001, ns not significant, one‐way ANOVA with
t‐test with Bonferroni correction. E. Log2 fold‐change in CREB peak intensity v. log2 fold‐change in RFX3 peak intensity
in RFX3 HET neurons. Linear regression model fit with 95% confidence interval (CI) shown. F. Average observed log2
fold‐change in CREB peak intensity at regions co‐bound by RFX3 in RFX3 HET and KO neurons compared to permuted
distribution (n permutations=1,000, 90 percentile interval). *left‐tailed p <0.05, permutation test. G. CREB binding
peaks in the promoter regions of FOSB, and JUNB in RFX3WT, HET, and KO day 14 neurons. RFX3 binding peaks in
the promoter regions of FOSB, and JUNB in RFX3WT day 14 neurons. H. Schematic of proposed mechanism where
RFX3 promotes CREB binding to modulate expression of activity dependent genes.

Figure 3.7: Proposed model for role of RFX3 in CREB‐mediated activity‐dependent signaling pathway. (Adapted from
BioRender figure template ”CREB Signaling Pathway”
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3.3 Discussion

RFX3 is a brain-enriched transcription factor with important roles in ciliogenesis and neurodevel-

opment, and haploinsufficiency ofRFX3 is associated with a neurodevelopmental disorder. Here,

we performed genome-wide profiling of RFX3 binding and transcriptomic alterations inRFX3

deficiency in human neurons to provide molecular insights into transcriptional programs regu-

lated byRFX3 and enhance our understanding of the neurodevelopmental disorder associated with

RFX3 haploinsufficiency. Using dorsal forebrain organoids as a model of human corticogenesis,

we found that biallelic loss ofRFX3 leads to altered neurogenesis associated with downregulation

of ciliary genes while this phenotype is not observed inRFX3HET organoids. Disruption to pri-

mary cilia has been linked to impaired neurogenesis related to sonic hedgehog signaling and cell

proliferation31,74,66,240. For example, loss of the ciliary gene Inpp5e (mutated in some forms of

Joubert Syndrome) altered neurogenesis with overproduction of layer V neurons in mouse cor-

tex88, and mutations in the gene encoding AHI1, a ciliary transition zone protein, can present

with polymicrogyria characterized by abnormal cortical lamination56,75. We show that in excita-

tory neurons, RFX3 binds to regulatory elements of ciliary and synaptic genes, andRFX3 haploin-

sufficiency leads to decreased expression of synaptic genes, including other ASD risk genes, while

ciliary gene expression is intact. This suggests that disruption of synaptic processes (rather than

ciliary processes) is the primary contributor to the neurodevelopmental disorder caused byRFX3

haploinsufficiency. RFX3 deficiency was functionally associated with immature development of

neuronal network activity, including decreased synchrony and number of spikes per network burst.

Notably, decreased spontaneous inter-hemispheric synchrony was found in toddlers with ASD55.

This phenotype is also consistent with functional phenotyping of neurons derived from individuals

with idiopathic ASD and other single-gene models of ASD that found decreased spiking activity

and burst frequency (MEF2C, AFF2/FMR2, ANOS1, ASTN2, ATRX, CACNA1C, CHD8, DL-

96



GAP2, KCNQ2, SCN2A, TENM), suggesting a convergence on reduced functional connectivity in

ASD53,52,6,169,186.

CREB-mediated activity dependent transcription is important for synapse maturation and den-

dritic arborization involved in learning281, and dysregulation of activity dependent signaling has

been previously implicated in neurodevelopmental disorders61. For example, variants in genes en-

coding several key components of activity dependent signaling lead to neurodevelopmental dis-

orders including L-VSCC (Timothy syndrome),RSK2 (Coffin-Lowry), CBP (Rubenstein-Taybi

syndrome),UBE3A (Angelman),MECP2 (Rett syndrome), and BAF complex subunits that me-

diate AP-1 transcriptional activity61,221. Studies of ASD patient iPSC-derived neurons and post-

mortem cerebral cortex have also identified downregulated transcriptional signatures of ASD that

are enriched for activity-dependent genes and synaptic signaling, but transcriptional responses

to neuronal depolarization were not tested263,72. In this study, using human neuronal models of

RFX3-associated ASD, we demonstrated thatRFX3 deficiency leads to impaired induction of activ-

ity dependent genes, including FOSB, FOSL2, JUNB, NR4A1, andNR4A2. Haploinsufficiency

ofNR4A2 and FOSL2 have recently been associated with neurodevelopmental disorders163,46.

Symptoms of neurodevelopmental disorders appear in early postnatal life, coinciding with peri-

ods of activity-dependent synapse development and refinement281. Thus, impairment in activity-

dependent synapse maturation may be common to genetically heterogeneous neurodevelopmental

disorders.

The impact ofRFX3 on activity-dependent signaling may contribute to ASD phenotypes in

patients withRFX3 deficiency, but might have mechanistic implications for idiopathic ASD as well.

ASD epigenetic signatures marked by increased histone acetylation (H3K27ac) were most enriched

for the RFXmotif and AP-1 motif256. In addition, CREB and RFX family motifs were enriched

in activity-inducible promoters associated with elevated ASD-heritability26. Here, we found that

RFX3 and CREB co-occupy promoters of core activity dependent response genes, and that RFX3
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promotes CREB binding at these sites, suggesting that RFX3 is a direct component of activity-

dependent transcriptional complexes. RFX3 co-occupation of a subset of CREB binding sites may

reflect cell-type specific modulation of activity-dependent gene programs99,291.

This study has several limitations that indicate potential areas of further research. The human

neuronal models employed only consist of excitatory neurons, so the impact ofRFX3 deficiency in

inhibitory neurons remains uncharacterized. Future studies may include models ofRFX3 deficiency

in inhibitory neurons, and co-culture systems of excitatory and inhibitory neurons. In addition,

to refine our understanding ofRFX3 target genes in the brain, future research may leverage tech-

nologies that can map long-range physical interactions in the genome, or single-cell CUT&RUN

profiling to identify cell type specific targets184,21.

This study highlights an underappreciated role ofRFX3 in regulating synaptogenesis and synap-

tic plasticity. Our finding thatRFX3 deficiency is associated with impaired induction of activity-

dependent genes in depolarized neurons suggests a role for dysregulated activity dependent gene

expression in neurodevelopmental disorders. Understanding the role ofRFX3 in gene regulation in

neurodevelopment illuminates molecular pathways that may underlie ASD and highlights modu-

lation of functional deficits in synapses and activity-dependent responses as a potential therapeutic

target in the postnatal brain.
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3.6 Methods

3.6.1 Maintenance and culture of iPSCs

Parental PGP1-SV1 iPSC clones andRFX3CRISPR-Cas9 edited clones were obtained from Syn-

thego. All iPSC lines were mycoplasma negative, karyotypically normal, and expressed pluripotency

markers OCT4, SOX2, NANOG, SSEA4, TRA-1-60. iPSCs were maintained in 6-well or 10 cm

plates (Corning) coated with LDEV-free hESC-qualifiedMatrigel (Corning Catalog #354277) in

feeder-free conditions with complete mTeSR-plus medium (STEMCELL Technologies) in a hu-

midified incubator (5% CO2, 37°C). iPSCs were fed fresh media daily and passaged every 3-4 days.
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3.6.2 Differentiation of iPSCs to neurons

Human iPSC-derived neurons (iNs) were generated from iPSCs transduced with the lentiviruses

Tet-O-Ngn2-Puro and FUW-M2rtTA based on a previously published protocol299. On day -1 of

differentiation, iPSC colonies were dissociated into single-cells using Accutase (STEMCELL Tech-

nologies) and 4-8 million cells were plated onMatrigel coated 10 cm dishes with complete mTeSR

plus medium supplemented with Y-27632 (10 uM). On day 0, cells were fed N2 media (DMEM/F-

12 media, 1XN2, 1XNonessential Amino Acids) supplemented with doxycycline (2 µg/mL),

BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 µg/mL). On day 1, media was replaced with

N2 media with puromycin (1 µg/mL) in addition to the supplements listed above. On day 2, cells

were fed B27 media (Neurobasal media, 1X B27, 1X Glutamax) supplemented with puromycin

(1 µg/mL), doxycycline (2 µg/mL), Ara-C (2 uM), BDNF (10 ng/mL), NT3 (10 ng/mL), and

laminin (0.2 µg/mL). On day 3, cells were dissociated into single cells using Accutase and replated

onto polyethylenimine (PEI)/laminin (0.07% PEI and laminin diluted 1:200 in sterile water) coated

96-well plates (10,000 cells/well) with B27 media supplemented with Y-27632 (10 µM), doxycy-

cline (2 µg/mL), Ara-C (2 µM), BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 µg/mL).

On days 5, 7, 10, and 14, cells were fed with a half-media change of Conditioned Sudhof Neuronal

GrowthMedium (1:1 ratio of Astrocyte ConditionedMedia and Neurobasal Media, 1X B27, Glu-

tamax, NaHCO3, and transferrin) supplemented with BDNF (10 ng/mL), NT3 (10 ng/mL), and

laminin (0.2 µg/mL). Cells were fed with a half-media change of Conditioned Sudhof Neuronal

GrowthMedium as described above once a week. Cells were maintained in a humidified incubator

(5% CO2, 37°C).
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3.6.3 Dorsal forebrain organoid culture

Human dorsal forebrain organoids were generated from iPSCs using the STEMdiff Dorsal Fore-

brain Organoid Differentiation Kit (STEMCELL Technologies Catalog # 08620) according to the

manufacturer instructions. On day 0 of organoid formation, iPSCs from each line were dissoci-

ated into single cells using Gentle Cell Dissociation Reagent (STEMCELL Technologies Catalog #

100-0485) and 3 x 106̂ cells were seeded into one well of an AggreWell 800 plate (Catalog # 34811)

with SeedingMedium. On day 1-5, uniform embryoid bodies were visible and were fed a half-media

change of Forebrain Organoid FormationMedium. On day 6, organoids were transferred to 6-well

Ultra-Low Adherent plates with Forebrain Organoid ExpansionMedium ( 15 organoids per well)

and evenly dispersed to ensure no contact between individual organoids and incubated on a station-

ary level surface. On day 8-25, full media changes with Forebrain Organoid ExpansionMedium

were performed every 2 days. On day 25, full media changes with Forebrain Organoid Differenti-

ationMedium were performed every 2 days. From day 43 onwards, full media changes with Fore-

brain OrganoidMaintenance Medium were performed every 3-4 days. Organoids were maintained

in a humidified incubator (5% CO2, 37°C).

3.6.4 Bulk RNA-sequencing

Total RNAwas harvested from samples using the PureLink RNAMini kit (Life Technologies Cat-

alog # 12183018A). Libraries were prepared with the KAPAmRNA prep. Sequencing was per-

formed on Illumina NovaSeq, 2x150bp configuration at approximately 100X depth per sample.

Reads were aligned to hg38 using STAR v2.7.9a58 followed by processing with featureCounts

(-p -s 2) to obtain a gene-level counts matrix156. Differential gene expression analysis was per-

formed using DESeq2162 withWT set as the reference condition and results coefficient set as ‘con-

dition_HET_vs_WT’ or ‘condition_KO_vs_WT’, and lfcShrink(type=”apeglm”). Differentially
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expressed genes with FDR<0.05 and |log2 fold-change| >0.25 were considered significant and used

in downstream analysis.

3.6.5 Isolation of single cells and scRNA-seq library preparation from dor-

sal forebrain organoids

Individual organoids were dissociated into single cells using 500 uL dissociation solution per organoid

(30 units/mL papain, 125 units/mLDNaseI diluted in Hank’s Balanced Salt Solution (HBSS)) for

30 minutes on a shaker in an incubator at 37C. Organoids were triturated with a P1000 pipette

10-15 times and then returned to the incubator for 15 minutes. Organoids were triturated with a

P1000 pipette 10-15 times again to obtain single cells and added to a 15 ml conical tube contain-

ing 1 ml of ovomucoid protease inhibitor (10 mg/mL in HBSS). Cells were centrifuged 300g x 5

minutes at room temperature and resuspended in 1 mLHBSS. Cells were counted and assessed for

morphology, doublets, and debris. Cell fixation was performed using the Parse Cell Fixation Kit v1

according to manufacturer instructions. Barcoding and library preparation were performed using

the Parse Single Cell Whole Transcriptome Kit v1 or Parse EvercodeWhole TranscriptomeMega Kit

v1 according to manufacturer instructions at the Harvard Single Cell Core. Libraries were paired-

end sequenced using Illumina NovaSeq 6000 S2 with target 40,000 reads per cell.

3.6.6 scRNA-seq analysis

scRNA-seq data for each individual organoid was preprocessed and aligned to the human reference

genome Homo_sapiens.GRCh38.93 using the Parse Biosciences computational pipeline split-pipe

–mode all. The resulting count matrices were used to create Seurat objects per organoid using Seu-

rat v4253. Further quality control removed cells with less than 200 genes per cell, greater than 10000

genes per cell, and greater than 15%mitochondrial content.
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SCTransform was used to perform normalization of expression values per sample. After normal-

ization, samples were integrated to align common clusters across individual datasets using Seurat’s

integration method253. Dimensionality reduction was performed using RunPCA and RunUMAP.

A shared nearest neighbor graph was constructed using FindNeighbors with dims 1:30, k.param

100, and cosine metric. Clusters were then identified using the Leiden algorithm at a resolution of

1.5.

Marker genes for each cluster were obtained using FindAllMarkers with a minimum log2 fold-

change of 0.25. Cell type identities were assigned to clusters based on reference-based annotations

and validation with cell type markers from literature. SingleR was used for reference-based annota-

tion using reference datasets from the human developing cortex and dorsal forebrain organoids275,208,274,218.

To identify changes in cell type proportions inRFX3mutant organoids compared to controls, we

used a Bayesian statistics approach to compositional data analysis previously described in the context

of microbial ecology86. Compositional data has a negative covariance structure that is accounted

for by the multinomial and Dirichlet probability distributions. We implemented Dirichlet multi-

nomial modeling (DMM) using HamiltonianMonte Carlo (HMC) using the R packages rstan and

bayestestR166. The input to the model was a matrix of counts where the rows correspond to repli-

cates (individual samples) and the columns correspond to cell types. We then modeled the replicates

using the multinomial distribution for the probability of each cell type per organoid. The Dirichlet

distribution was used to model the multinomial parameters. The prior on the Dirichlet parameters

was another Dirichlet distribution with a fixed parameter alpha 10-7, which gives uniform cell type

proportions in expectation. The resulting posterior distributions were Dirichlet distributions of the

cell type proportions in mutant and control. We then subtracted the posterior probability distribu-

tion (95% credible interval) of control frommutant to see whether there are significant differences

in relative cell type composition. A cell type shift in log2 abundance ratio (RFX3mutant/control)

was considered significant if the 95% credible did not include 0.
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3.6.7 Differential gene expression and Gene Ontology analysis

Differential gene expression analysis was performed on each cell type using edgeR220. The inte-

grated Seurat object was subset to obtain Seurat objects for each cell type. The read counts were

modeled and normalized using a negative binomial distribution with the trimmed mean of M-values

(TMM) normalization method. To ensure robust signals, only genes that were expressed in at least

5% of one cell type were included in the analysis. The design matrix formula was genotype + cel-

lular detection rate. Differentially expressed genes betweenRFX3HET or KO and control were

identified using the likelihood ratio test (glmLRT). Genes with FDR < 0.05 and a log2 fold-change

greater than 0.25 were used for downstream analysis.

Gene Ontology (GO) enrichment analysis was performed on the significantly downregulated

differentially expressed genes in each cell type using clusterProfiler294. GO biological processes with

FDR < 0.05 were considered significant.

3.6.8 CUT&RUN-sequencing

Neurons were dissociated into single cells with DNase/papain dissociation solution prepared by

combining 20 units/mL papain (Worthington) and 1 unit/mLDNase (Worthington) in DMEM/F12

(STEMCELL Technologies) and incubated at 37C for 15 minutes. 500,000 single cells per sample

were used as input for the CUTANAChIC/CUT&RUN kit (EpiCypher) according to the man-

ufacturer instructions. Cells were washed twice with CUT&RUNwash buffer and then bound

to concanavalin A-coated (conA) beads for 10 minutes at room temperature. ConA bead-bound

cells were resuspended in CUT&RUN antibody buffer with the following antibodies: anti-RFX3

(Sigma-Aldrich Cat# HPA035689 diluted 1:100 and Abcam Cat# ab168475 diluted 1:100), anti-

H3K4me3 (EpiCypher Cat# 13-0041 diluted 1:100), anti-IgG (EpiCypher Cat# 13-0042 diluted

1:100), anti-CREB (Sigma-Aldrich Cat# 06-863 diluted 1:100) and incubated overnight at 4C on
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a shaking nutator with capped ends elevated. After incubation, the conA bead-bound cells were

washed twice with Cell Permeabilization Buffer. To each sample, 2.5 uL of pAG-MNase (20X

stock) was added followed by incubation for 15 minutes at room temperature. After incubation,

the conA bead-bound cells were washed twice with Cell Permeabilization Buffer. On ice, 1 uL of

100 mMCalcium Chloride was added to each sample with gentle vortexing and incubated on a

shaking nutator for 2 hours at 4C. After incubation, 33 uL of Stop Buffer was added to each sample

with gentle vortexing. 1 uL (0.5 ng) of E. coli Spike-in DNAwas added to each sample and incu-

bated for 10 minutes at 37C in a thermocycler. Samples were placed on a magnetic stand and the

supernatant containing CUT&RUN enriched DNAwas transferred to clean tubes. DNAwas

purified from the supernatants using the included DNACleanup Columns according to the man-

ufacturer instructions. Purified CUT&RUN-enriched DNAwas quantified using Qubit dsDNA

HS Assay kit (Thermo Fisher Scientific Cat# Q32851) according to the manufacturer instructions.

CUT&RUN-sequencing libraries were prepared using KAPAHyperPrep Kit (Kapa Biosystems

Cat# KK8502) according to the manufacturer instructions with the following modifications. 25

uL of purified CUT&RUN-enriched DNAwas used as input per sample for End Repair and A-

Tailing. To enrich sub-fragments during End Repair and A-Tailing, the thermocycling parame-

ters were 20C for 30 minutes followed by 50C for 1 hour. 15 uM adapter stock was used for the

Adapter Ligation reaction. Post-ligation cleanup was performed three times with 1X, 1.2X, and

1.2X AMPure beads (Beckman Coulter Cat# A63881). 16 PCR cycles were performed for library

amplification. Post-amplification cleanup was performed three times with 1.1X AMPure beads.

Purified amplified libraries were quantified by qPCR and library quality and size was assessed using

Agilent TapeStation. Libraries were paired-end sequenced with Illumina NextSeq 2x150 bp reads

with target 10 million reads per sample. Adapters were trimmed using cutadapt -a AGATCGGAA-

GAGCACACGTCTGAACTCCAGTCA -A AGATCGGAAGAGCGTCGTGTAGGGAAA-

GAGTGT172. Alignment to hg38 was performed using bowtie2 –local –very-sensitive-local –no-
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mixed –no-discordant –phred33 –dovetail -I 10 -X 700142, followed by sorting and indexing with

samtools (Danecek et al., 2021). Peak calling was performed using macs2 callpeak for each sample

with -c set as the Rabbit IgG negative control and -f BAMPE -p 0.05300. Reproducible peak sets

among >3 biological replicates were called using ChIP-R with parameter -m 3196. Reproducible

peak sets among 2 biological replicates were called using IDR152. Peaks were annotated to near-

est genes and genomic regions using ChIPseeker295. Gene Ontology analysis was performed using

clusterProfiler as described above294. For categorization of targets as ciliary genes, we used the lists

of ciliary genes from CiliaCarta270. For categorization of targets as synaptic genes, we used the list

of synaptic genes from SynGO131. Average peak profiles were generated from RPGC normalized

bigwig files using deeptools computeMatrix and plotProfile216. Motif enrichment analysis was

performed using the MEME suite16. Differential motif enrichment analysis was performed using

Homer getDifferentialPeaksReplicates.pl89. For evolutionary conservation analysis, human RFX3

binding sites were converted into homologous sequences in other species using UCSC LiftOver122

followed by RFX3 binding motif scanning using Homer findMotifsGenome.pl89.

3.6.9 Reverse transcription quantitative PCR (RT-qPCR)

RNAwas reverse transcribed into cDNA using Cells-to-CT RT buffer and RT enzyme (Thermo

Fisher Scientific Cat# A35378) consisting of 22.5 ul RNA and 27.5 ul of Cells-to-CT RTMas-

ter Mix. The reverse transcription reactions were incubated at 37C for 1 hour, and 95C for 5 min.

qPCRwas performed using TaqMan Fast AdvancedMaster Mix (Thermo Fisher Scientific Cat#

A35378) and Gene Expression Assays (Thermo Fisher Scientific Cat# 4331182) with 2 ul input

cDNA. The thermocycling parameters were 50C for 2 min, 95C for 2 min, 40 cycles of 95C for 1

second and 60C for 20 seconds. TaqMan Gene Expression Assays included RFX3Hs01060440_m1,

RFX3Hs01060430_m1, FOSBHs00171851_M1, FOSL2 Hs01050117_m1, JUNBHs00357891_s1,

NR4A2Hs00428691_m1, Human GAPDH Endogenous Control (VIC/MGB probe, primer lim-
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ited, Thermo Fisher Scientific Cat# 4326317E).

3.6.10 Western blotting

Cell lysates were collected using RIPA buffer (Boston BioProducts Cat# BP-115D-250) supple-

mented with Roche cOmplete Protease Inhibitor (Millipore Sigma Cat# 5892791001) and PhosSTOP

(Millipore Sigma Cat# 4906845001). Lysates were homogenized with a hand-held spin homog-

enizer for 10 seconds, then frozen at -80C for 20 minutes. Lysates were then thawed on ice, cen-

trifuged at 20,000 g for 20 minutes at 4C, and supernatant was transferred to a clean tube on ice.

Lysates were incubated with 4x Laemmli buffer (BioRad), placed in a heat block at 95C for 5 min-

utes, then loaded onto 4-15% precast gradient protein gels (BioRad) and separated by electrophore-

sis (50V for 5 min, 150V for 45 min). Protein samples were then transferred to PVDFmembranes

and incubated at 4C overnight with the following primary antibodies: anti-RFX3 (Sigma-Aldrich

Cat# HPA035689 diluted 1:100), anti-PCREB (Invitrogen Cat#MA1-114 diluted 1:250), anti-

CREB (Sigma-Aldrich Cat# 06-863 diluted 1:500 and Cell Signaling Technology Cat# 4820S di-

luted 1:500), anti-ARL13B (Proteintech, Cat# 17711-1-AP diluted 1:500), anti-GAPDH (Abcam

Cat# ab9485 diluted 1:1,000), anti-alpha Tubulin (Sigma-Aldrich Cat# ab1543 diluted 1:10,000).

Membranes were incubated with secondary antibodies diluted 1:5,000 for the target and 1:10,000

for the loading control (GAPDH or alpha Tubulin) and visualized with the Li-Cor Odyssey system

and quantified with EmpiriaStudio software (Li-Cor).

3.6.11 Neuronal depolarization

12 hours prior to depolarization, neuronal cultures were silenced with a full medium replacement

consisting of medium supplemented with 1 uMTTX (Abcam Cat# Ab120055) and 100 uMD-

APV (Tocris Cat# 0106). Neurons were then left in the silenced condition (unstimulated) or de-
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polarized with KCl depolarization buffer (170 mMKCl, 2 mMCaCl2, 1 mMMgCl2, 10 mM

HEPES, solution pH 7.4) to a final KCl concentration of 55 mM. For pretreatment with H89 di-

hydrochloride (Tocris Cat# 2910), H89 was added to a final concentration of 10 uM for 1 hour

prior to KCl depolarization. For cultures treated with Forskolin (FSK), FSK was added to a final

concentration of 10 uM.

3.6.12 Multielectrode array

48-well CytoViewMEA plates (Axion BioSystems) were coated with 0.07% PEI coating buffer at

37C overnight, washed three times with sterile water, air dried, and then coated with Laminin (di-

luted 1:200 in sterile water) at 37C overnight. On day 3 of neuron differentiation, wells were plated

with 100,000 neurons and 20,000 human iPSC-derived astrocytes (Ncardia Ncyte Astrocytes) per

well. Spontaneous neural activity and viability was recorded using the AxionMaestro ProMEA

(Axion BioSystems) with default burst detection settings twice a week for 10 minutes per recording

for the following 8 weeks. Half-media changes were performed once a week on a non-recording day

with unconditioned neuronal growth medium (consisting of Neurobasal media, B27, NaHCO3,

Glutamax, Transferrin). Neural activity recordings were processed and analyzed using Axion Axis

Navigator and AxISMetric Plotting Tool softwares with default settings (Axion BioSystems). Data

from wells with >0 active electrodes per well were included and were normalized to the number of

covered electrodes per well. The number of biological replicates were n=32 wells per genotype from

two independent MEA plates.

3.6.13 Immunostaining

Cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature and stored at 4C

until used for immunostaining. Cells to be stained for PSD95 were fixed with ice cold methanol
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at -20C for 20 minutes. Cells were incubated with CellO-IF (Cellorama Tech) for 10 minutes

at 37C, then incubated with primary antibodies diluted in CellO-IF for 1 hour at 37C. Follow-

ing incubation, cells were washed with PBS two times, then incubated with secondary antibod-

ies diluted in CellO-IF for 1 hour at 37C in the dark. Cells were incubated with Hoechst diluted

1:1,000 in PBS for 10 minutes in the dark. After two PBS washes, cells were mounted with glyc-

erol solution (1:1 glycerol and PBS). Primary antibodies included anti-RFX3 (Sigma-Aldrich Cat#

HPA035689, diluted 1:100), anti-phospho-CREB (Invitrogen Cat#MA1-114, diluted 1:250), anti-

CREB (Sigma-Aldrich Cat# 06-863, diluted 1:500), anti-PSD95 (Neuromab Cat# 75-028, diluted

1:500), anti-SYN1 (Sigma-Aldrich Cat# ab1543, diluted 1:1,000), anti-beta III Tubulin (GeneTex

Cat# GTX85469, diluted 1:1,000), anti-ARL13B (Proteintech Cat# 17711-1-AP, diluted 1:800),

anti-MAP2 (Abcam Cat# ab5392, diluted 1:2,000). Alexa fluor-conjugated secondary antibodies

were used accordingly (diluted 1:500).

3.6.14 High-content imaging and analyses

96-well plates (Greiner Bio-One Cat# 655090) were imaged with ImageXpress MicroXLSWidefield

High-Content Molecular Device microscope (Molecular Device, LLC, MetaXpress v6.6.2.46) un-

der 20X or 40Xmagnification with 9 evenly spaced fields per well. For Z-stack, five steps and 3 um

thickness/step were used and stacked images were combined with maximum resolution projection.

Molecular Devices MetaXpress software was used to design algorithms to systematically identify

and quantify selected features from each image. ImageJ software was used to change the LUT for

representative images.
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3.6.15 Statistical analyses

All statistical tests were performed in R (v4.0.1) or Python (v3.8) with multiple hypothesis correc-

tion using the Benjamini-Hochberg procedure (FDR<0.05) or Bonferroni correction as specified in

figure legends. Statistical tests are noted in figure legends, and include ANOVA, Fisher’s exact test,

Student’s t-test, permutation test, andMann-Whitney U-test.

3.6.16 Data

Human iPSC-derived NGN2 neuron ATAC-seq data were obtained from GEO: GSE196854 from

Sanchez-Priego et al., 2022.228 H3K27ac CUT&RUN data were obtained from GEO: GSE196207

from Sanchez-Priego et al., 2022.228

RNA-seq, scRNA-seq, and CUT&RUN data will be deposited at GEO and publicly available

on the date of publication. This paper does not report original code. Additional information to

reanalyze the data in this paper is available from the corresponding author upon reasonable request.

3.7 Supplemental Data

Supplementary figures are included in the Thesis Appendix. Tables are included in the supplemen-

tary data of the manuscript (Lai et al., 2023) upon which this chapter is based are available from the

author upon request.
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”We are witnessing a new era of medicine where genetic

information becomes the foundation for targeted and

effective treatments.”

Jennifer Doudna

4
Harnessing mRNA processing

inefficiencies for single gene-based therapies

4.1 Introduction

There are over 7,000 rare diseases caused by genetic variants in single genes; in aggregate these con-

ditions are estimated to affect 1 in 10 people in the United States79. Often, targeting the causal
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genes (or even mutations) can be effective treatments for the genetic disorder at the source. While

there are several different approaches to gene therapy, two major therapeutic approaches that we

will discuss in this chapter include (1) gene editing to correct the mutation, or (2) RNA-targeting

approaches to therapeutically modulate the expression of the disease gene: knocking down gene ex-

pression in the case of diseases associated with gain-of-function genetic variants, or restoring gene

expression in the case of diseases associated with loss-of-function genetic variants.

4.1.1 CRISPR-Cas9

CRISPR-Cas9 based therapies utilize gene-editing technology to permanently alter DNA to cor-

rect deleterious mutations, disrupt genes (for instance to reduce expression of gain-of-function

alleles), or insert new sequences in the genome67. Several advantages of CRISPR based therapies

include their permanent nature, such that a one-time administration of the therapy has the poten-

tial to cure the disease, the precision of gene editing based on complementary sgRNA, and their

relatively easy ability to be developed for many targets (4.1). A major challenge of the current gener-

ation of CRISPR therapeutics is the need for delivery vectors that can target the cell type of interest

and carry genetic cargo. For example, one of the most common delivery vectors is adeno-associated

viruses (AAVs), which have a 4.7 kb packaging limit286. This puts constraints on the size of donor

templates for precise knock-in by homology directed repair. Viral vectors also pose immunogenicity

risks due to the viral capsid or genome that may activate host innate immunity241. Furthermore,

while potential off-target effects can be minimized through computational predictions, any unin-

tended off-target editing is permanent.
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Table 4.1: Pros and Cons of Different Gene‐based Therapeutic Modalities

Consideration CRISPR-Cas9 Antisense oligonucleotides (ASOs)

Treatment administration Permanent one-time administration.
Effect cannot be titrated. Regular dosing (∼every 4 months), effect can be titrated.

Specificity Precise targeting with
complementary sgRNA sequence.

Precise targeting with
complementary ASO sequence.

Programmability Can be developed for many
gene targets by altering the sgRNA sequence.

Can be developed for many
gene targets by altering the ASO sequence.

Delivery Requires a delivery vector (i.e., AAVs, nanoparticles). Freely taken up by cells via endocytic mechanisms.

Off-target effects Can computationally predict off-target effects.
Potential off-target effects are permanent.

Can computationally predict off-target effects.
Potential off-target effects are reversible.

Target
For homology directed repair or precise gene knock-in,
donor template length may be limited by
packaging capacity of the delivery vehicle.

No limits on target transcript length.

Cell types Depends on the delivery vehicle. Evidence for broad uptake by many cell types.

4.1.2 Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are short (typically less than 25 nucleotides) single-stranded

oligonucleotides that bind complementary sequences on RNA (typically pre-mRNA or mRNA) to

modulate gene expression219. Similar to CRISPR-Cas9 approaches, ASOs can be designed to bind

specific genomic targets and can be easily customized to different targets (4.1). Moreover, ASOs do

not require delivery vectors, since they are freely taken up by cells through endocytic mechanisms

referred to as gymnosis260 with broad biodistribution. A recent study on single-cell ASO activ-

ity throughout the brain demonstrated that ASOs have broad activity across individual cells188.

This is in contrast with viral-vector based gene therapies which may have variable transduction effi-

ciency, although work to engineer AAV capsid variants with improved and specific transduction is

on-going76. Finally, while ASOs require regular dosing every few months (which may be considered

an inconvenience), this also does allow for drug dose titration during a patient’s clinical course to

maximize the benefits and minimize any side effects.
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4.1.3 Types of ASOs

ASOs can modulate gene expression by multiple distinct mechanisms including 1) splicing mod-

ulation and 2) RNase H-activation. Splice-switching ASOs work by steric hindrance of splicing

cis-regulatory elements (i.e., exon or intron splicing enhancers and silencers) and can be used to res-

cue the impact of pathogenic splice-altering genetic variants. Knockdown ASOs lead to degradation

of their complementary targets by recruiting RNase H to a central gap region (hence referred to as

“gapmer” ASOs) and inducing cleavage of the target RNA177. A specialized application of splice-

switching ASOs that deserves special attention is to use them to boost expression of some genes by

targeting naturally occurring mRNA transcripts that would otherwise undergo nonsense-mediated

decay (NMD). For example, the splicing of some genes can result in a subset of transcripts that ex-

hibit intron retention, skipping of a critical exon (“vulnerable exon”), or inclusion of a poison exon;

these in turn can lead to NMD (4.1). Splice-switching ASOs can alter patterns of splicing to disfa-

vor formation of nonproductive isoforms and promote productive isoforms, thus increasing gene

expression. These non-productive (NMD-destined) transcripts are a reservoir that can be harnessed

to increase gene expression. This is especially useful as a therapeutic strategy for diseases caused by

haploinsufficiency of a single gene158. Finally, ASOs can also increase gene expression by targeting

untranslated regions (UTRs) of transcripts to modulate the use of specific translation initiation sites

or binding of microRNAs231,2,155,251.

4.1.4 ASOs for neurogenetic disease

ASOs are a useful therapeutic modality for neurogenetic diseases in particular, given their broad

biodistribution in the brain and spinal cord following intrathecal injection that circumvents the

blood-brain barrier111,188. Over 15 ASOs have entered clinical development for rare neuroge-

netic diseases, with nusinersen for spinal muscular atrophy (SMA) receiving FDA approval in
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2016103,69,180, tofersen for amyotrophic lateral sclerosis (ALS) receiving FDA approval in 2023, and

others in ongoing clinical trials for Dravet Syndrome and Angelman Syndrome177. Individualized/small-

N ASO trials led by investigators are also underway for Batten disease, Ataxia Telangiectasia, and

other ultra rare, serious neurogenetic conditions127,128,133,266. Recent work establishing a frame-

work for identifying variants that are amenable to ASO intervention estimates about 15% of in-

dividuals with a potentially ASO amenable variant in the recessive neurogenetic disorder Ataxia

Telangiectasia128.

4.1.5 ASOs for haploinsufficiency disorders

In contrast to mutation-specific ASOs, ASOs for haploinsufficiency disorders can be mutation-

agnostic, offering the potential to treat patients with haploinsufficiency of a single gene regardless of

their genetic variants. These ASOs can target mRNA processing inefficiencies in the wildtype allele

of the disease-causing gene to increase its expression. This may restore overall expression of the gene

to normal levels to modify the disease course or even reverse phenotypes81.

There are over 100 known genes with de novo heterozygous loss-of-function variants that in-

crease the risk for Autism spectrum disorders (ASD)232. Monogenic forms of ASD that are caused

by genetic haploinsufficiency, such asRFX3 haploinsufficiency, may be candidates for mutation-

agnostic, gene-specific ASOs that boost expression of the wildtype allele. Here, we identified mRNA

processing inefficiencies in ASD risk genes in human iPSC-derived neurons to define opportu-

nities for ASO-based restoration. UsingRFX3 as an example case, we designed and tested splice-

modulating ASOs in human neuronal models ofRFX3 haploinsufficiency and identified candidates

that boostedRFX3 expression. These ASOs serve as tool compounds to study the function ofRFX3

in human neurons, define critical windows for restoration ofRFX3, and potentially alleviate symp-

toms associated withRFX3 haploinsufficiency.
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Figure 4.1: mRNA processing inefficiencies subject to nonsense‐mediated decay (NMD). A. Schematic of produc‐
tive splicing. B. Schematic of intron retention. Premature termination codon (PTC) within the retained intron triggers
nonsense‐mediated decay (NMD). C. Schematic of exon skipping. Skipping of a critical ”vulnerable” exon triggers NMD.
D. Schematic of poison exon inclusion. Poison exons contain a PTC that triggers NMD.

4.2 Results

4.2.1 Identification of intron retention in ASD risk genes

Individuals with heterozygous loss-of-function variants in monogenic forms of ASD have a single

wild-type allele that can be leveraged to increase levels of productive mRNA and full-length pro-

tein. The expression of these genes can be increased by ASOs targeting naturally occurring mRNA

processing inefficiencies that are subject to NMD (4.1).

To identify ASD risk genes with NMD-sensitive transcripts in human neurons, we differenti-

ated control human iPSCs into NGN2 neurons299, inhibited NMD using cycloheximide (CHX),

and performed deep RNA-sequencing of neurons with and without NMD inhibition for alter-
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native splicing analysis. Intron retention may introduce premature termination codons and is one

of the major triggers of NMD14,183 (4.1). To identify intron retention events in ASD risk genes,

we estimated intron retention genome-wide in human iPSC-neurons using the bioinformatic tool

IRFinder (IRratio)161 and an additional method to calculate percent intron retention (PIR)29.

IRratio and PIR levels were highly correlated (4.2) (Pearson r=0.97, p-value <0.05). We then com-

pared the intron retention levels in neurons with and without NMD blockade and only considered

those with increased IRratio and PIR in NMD inhibited neurons. As an estimate of gene expres-

sion that may be recovered by targeting intron retention, we stratified ASD risk genes by their intron

retention levels: high (>=0.30), medium (0.30 > and >=0.10), and low (< 0.10). This resulted in

two genes (GIGYF1, SHANK2) with high intron retention that are potentially strong candidates

for a therapeutic strategy involving intron retention (tab:asdIR). There were nine genes (ASH1L,

CACNA1E, DSCAM, GIGYF1, KDM6B,MKX, NR3C2, NSD1, RORB) with medium intron

retention that may be potential candidates, and 85 genes with low intron retention such that this

approach is unlikely to sufficiently increase gene expression levels. These findings demonstrate that

ASOs targeting intron retention may be a potential therapeutic strategy for 10% (10/102) of highly

penetrant ASD risk genes.

4.2.2 Identification of RNA processing inefficiencies inRFX3 that can be tar-

geted by ASOs

We next asked whetherRFX3 expression could be increased by ASOs that target naturally occur-

ring mRNA processing inefficiencies inRFX3. Since there were no candidate retained introns in

RFX3 identified, we next examined the presence of poison and skipped (“vulnerable”) exons using

a custom pipeline in our lab (Yu Lab, unpublished) that quantifies junctional reads at exon/intron

boundaries. Using this approach, we identified an exon inRFX3 that is subject to frequent exon

skipping (24%) at baseline, leading to a transcript that is predicted to lead to NMD (NM001282116.2
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Figure 4.2: Correlation between IRratio and PIR. IRratio and PIR levels are highly correlated (Pearson r=0.97, p‐
value<0.05).
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Table 4.2: ASD risk genes with high or medium levels of intron retention

Chr Start End Gene PIR IRratio Treatment
11 70661678 70698687 SHANK2 0.74 0.00 CHX
7 100681771 100681863 GIGYF1 0.42 0.39 CHX
1 155521618 155562152 ASH1L 0.18 0.00 CHX
1 181776228 181781426 CACNA1E 0.18 0.13 CHX
10 27734791 27735220 MKX 0.11 0.10 CHX
17 7851549 7851647 KDM6B 0.16 0.12 CHX
21 40085765 40087169 DSCAM 0.16 0.00 CHX
4 148194862 148259977 NR3C2 0.18 0.00 CHX
5 177135200 177135940 NSD1 0.20 0.21 CHX
7 100683444 100683549 GIGYF1 0.23 0.16 CHX
7 100685146 100685343 GIGYF1 0.15 0.14 CHX
9 74497983 74630281 RORB 0.15 0.00 CHX

exon 8, 4.3A). To validate the presence of the vulnerable exon in control andRFX3+/- human neu-

rons, we performed RT-PCR using forward primers designed toRFX3 exon 7 and reverse primers

designed toRFX3 exon 9 on neurons with and without pharmacologic NMD blockade (treatment

with CHX). Neurons without NMD blockade showed a single band at the expected size for the

amplified region containing exon 7, exon 8, and exon 9. Neurons with NMD blockade displayed

an additional smaller band at the expected size for a region with exon 8 skipped (4.3B). Relative

densitometry analysis demonstrated that 13% of the transcripts in CHX treated neurons had exon

8 skipped. The presence of the vulnerable exon inRFX3+/- neurons suggested that it could be a

promising therapeutic target to increaseRFX3 levels in haploinsufficient individuals.

4.2.3 RFX3 expression can be restoredwith an ASO in human neurons

We designed 25 ASOs tiling the 50 nucleotides flanking exon 8 to promote its inclusion by block-

ing exon splicing silencers (ESS) and intron splicing silencers (ISS) that typically reside in these re-
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Figure 4.3: ASOs targeting RFX3 exon 8 increase productive splicing. A. Skipping of RFX3 exon 8 in iPSC‐derived neu‐
rons revealed by NMD blockade with cycloheximide (CHX) with RNA‐seq. B. Validation of RFX3 exon 8 skipping in
iPSC‐derived neurons with NMD blockade by RT‐PCR gel visualization. C. Tiled ASO designs. ASOs in green are the
four lead ASOs. D. ASOs targeting exon 8 increase RFX3 expression in haploinsufficient neurons as measured by VE‐
specific RT‐qPCR. n=8 independent wells for naive condition, n=3‐4 independent wells for ASO treated conditions.
E. RFX3 binds to the promoter of CAMK2A and is necessary for CAMK2A expression. F. ASOs targeting RFX3 exon 8
boost expression of the RFX3 target gene CAMK2A. n=8 independent wells for naive condition, n=3‐4 independent
wells for ASO treated conditions. *p<0.05, two‐way ANOVA with Bonferroni correction. HET: RFX3 heterozygous line.
KO: RFX3 homozygous knockout line. 9p.100: 9p‐minus syndrome iPSC‐derived neurons. HET H2: RFX3 heterozygous
iPSC‐derived neurons, clone H2. WT: corresponding control line for HET H2 and 9p.100 lines.
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gions102. ASOs were filtered to remove those with predicted off-target binding, secondary structure

formation, and self-complementarity that may lead to oligo dimer formation. This resulted in 15

final ASOs for screening (4.3C). ASOs were synthesized using 2-methoxyethyl nucleotide modifi-

cations and uniform phosphorothioate backbones (PS-2’MOE chemistry), the chemical subclass

employed in nusinersen, for which there is most clinical experience in patients.

To detect an increase in exon 8 included transcripts specifically, we utilized a TaqMan Gene Ex-

pression assay where the probe sits on the boundary ofRFX3 exon 8 and exon 9. We introduced

ASOs (10 uM) into human neuronal cultures via gymnotic delivery and identified several candi-

dates that could boost expression ofRFX3 exon 8 containing transcripts by up to 5 fold inRFX3

haploinsufficient human neurons (4.3D). Four lead ASOs proved capable of boostingRFX3 expres-

sion in human neurons from a patient with 9p-minus syndrome (a chromosomal deletion overlap-

pingRFX3) as well(4.3D). These effects were accompanied by increased expression of CAMK2A,

a downstream target gene ofRFX3 (4.3E-F), thus demonstrating that ASOs can correct transcrip-

tional dysregulation caused byRFX3 haploinsufficiency.

4.3 Discussion

Haploinsufficiency of hundreds of genes is linked to neurodevelopmental disorders. Restoration of

normal gene expression levels is a promising therapeutic approach for haploinsufficiency disorders.

In this study, we describe a framework for identifying mRNA processing inefficiencies in human

iPSC-derived neurons to catalog events that may be amenable to ASOs. We apply this framework to

RFX3, a gene that is among the most commonly mutated in Autism SpectrumDisorder (ASD) and

attention deficit/hyperactivity disorder (ADHD)85. We found thatRFX3 has naturally occurring

exon 8 (NM001282116.2) skipping that subjects these transcripts to NMD.We identified several

ASOs that could restoreRFX3 beyond wildtype levels, establishing a proof-of-concept thatRFX3
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expression can be modulated using ASOs in human neurons.

These ASOs serve as useful tool compounds for future research on the role ofRFX3 in human

neurodevelopment that could have therapeutic implications. SinceRFX3 has a large coding size

(9.3 kb), traditional overexpression methods with cDNA and open reading frame (ORF) clones

delivered by lentiviral transduction or plasmid transfection (or AAV packaging) are challenging.

Therefore, ASOs that can restore or overexpressRFX3 are an alternative strategy that can further

our mechanistic understanding ofRFX3 in neurons and neurodevelopmental disorders.

Future directions include optimizing the ASOs by microwalking and iterative design to maximize

potency. Dose response curves will allow us to select the most potent ASOs, which is important for

minimizing required doses and potential side effects. Lead ASOs can then be leveraged to define

critical windows ofRFX3’s role in neurodevelopment. First, it would be important to determine

whether restoringRFX3 expression with an ASO at the iPSC stage followed by differentiation into

neurons is sufficient to rescueRFX3 haploinsufficiency-associated transcriptional, cellular, and

functional phenotypes. Second, it would be clinically relevant to determine the latest age at which

neurons could be treated with an ASO, and which phenotypes, if any, are reversible in mature neu-

rons. Lastly, establishing a mouse model ofRFX3 haploinsufficiency with detailed neurobehav-

ioral characterization will allow us to eventually test whether ASOs can rescue and reverseRFX3

haploinsufficiency-associated behavioral phenotypes.

ASOs (which can be given as infrequently as every 3-4 months) may be appropriate for debili-

tating forms of neurodevelopmental disorders with severe cognitive and behavioral consequences.

These could include individuals with haploinsufficiency ofRFX3 but may not be limited to those

individuals. For instance, we note thatRFX3 is located on chromosome 9p, and may be a strong

contributor to 9p-minus syndrome, a severe neurodevelopmental disorder in which over 80% of

individuals have a deletion spanningRFX3227. Ongoing work involves studying iPSC neurons

from 9p-minus individuals to examine this overlap. Individuals with idiopathic ASD were found
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to have broad, cortex-wide downregulation of synaptic plasticity genes compared to controls72. Our

data suggest that synaptic related genes and genes critical to ASD pathogenesis are targets ofRFX3

(Chapter 3). The fact thatRFX3 is positioned upstream of ASD relevant genes makes it a useful

therapeutic target that may be beneficial not only for individuals withRFX3 haploinsufficiency

but potentially other forms of ASD, sinceRFX3 upregulation may reactivate expression of synaptic

pathways dysregulated in ASD.
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4.6 Methods

4.6.1 Differentiation of iPSCs to neurons

Human iPSC-derived neurons (iNs) were generated from iPSCs transduced with the lentiviruses

Tet-O-Ngn2-Puro and FUW-M2rtTA based on a previously published protocol299. On day -1 of

differentiation, iPSC colonies were dissociated into single-cells using Accutase (STEMCELL Tech-

nologies) and 4-8 million cells were plated onMatrigel coated 10 cm dishes with complete mTeSR

plus medium supplemented with Y-27632 (10 uM). On day 0, cells were fed N2 media (DMEM/F-

12 media, 1XN2, 1XNonessential Amino Acids) supplemented with doxycycline (2 µg/mL),

BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 µg/mL). On day 1, media was replaced with

N2 media with puromycin (1 µg/mL) in addition to the supplements listed above. On day 2, cells

were fed B27 media (Neurobasal media, 1X B27, 1X Glutamax) supplemented with puromycin

(1 µg/mL), doxycycline (2 µg/mL), Ara-C (2 uM), BDNF (10 ng/mL), NT3 (10 ng/mL), and

laminin (0.2 µg/mL). On day 3, cells were dissociated into single cells using Accutase and replated

onto polyethylenimine (PEI)/laminin (0.07% PEI and laminin diluted 1:200 in sterile water) coated

96-well plates (10,000 cells/well) with B27 media supplemented with Y-27632 (10 µM), doxycy-

cline (2 µg/mL), Ara-C (2 µM), BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 µg/mL).

On days 5, 7, 10, and 14, cells were fed with a half-media change of Conditioned Sudhof Neuronal

GrowthMedium (1:1 ratio of Astrocyte ConditionedMedia and Neurobasal Media, 1X B27, Glu-

tamax, NaHCO3, and transferrin) supplemented with BDNF (10 ng/mL), NT3 (10 ng/mL), and

laminin (0.2 µg/mL). Cells were fed with a half-media change of Conditioned Sudhof Neuronal

GrowthMedium as described above once a week. Cells were maintained in a humidified incubator

(5% CO2, 37°C).
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4.6.2 Cycloheximide treatment

1000X stock of cycloheximide was prepared by dissolving cycloheximide in DMSO (final concen-

tration 0.1 mg/uL). 3 hours prior to RNA harvest, neurons were treated with cycloheximide (final

concentration 100 ug/mL) by full media replacement with cycloheximide containing media. Cells

were incubated for 3 hours at 37C.

4.6.3 ASO delivery

Neuronal cultures were treated with ASO by gymnosis. On the day of treatment, media was fully

replaced with media containing ASO (final concentration 10 uM). Cells were incubated for 4 days

at 37C.

4.6.4 Bulk RNA-sequencing and analysis

Total RNAwas harvested from samples using the PureLink RNAMini kit (Life Technologies Cat-

alog # 12183018A). Libraries were prepared with the KAPAmRNA prep. Sequencing was per-

formed on Illumina NovaSeq, 2x150bp configuration at approximately 100X depth per sample.

For identifying poison exons and skipped exons, reads were aligned to hg38 using STAR v2.7.9a58

followed by processing with a custom built pipeline in our lab (Yu Lab, unpublished) that iden-

tifies differential splicing events by quantifying junctional reads at exon/intron boundaries using

LeafCutter154 and SAMtools47. To estimate intron retention, we applied the bioinformatic tool

IRFinder161. This tool calculates IRratio using (IntronDepth / (IntronDepth +Max(Splice left,

Splice right)), where IntronDepth = median depth of the intronic region (number of reads that map

over a given bp), not considering excluded regions (bases with the top and bottom 30% of intronic

depth), Splice left = number of reads that map the 5’ flanking exon to another exon in the gene , and

Splice right = number of reads that map the 3’ flanking exon to another exon in the gene. Using the
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output from IRFinder, we also computed Percent Intron Retention as described in Braunschweig

et al., 201429. where PIR = percent intron retention, E1I = exon 1 - intron junction reads, IE2 =

intron - exon 2 junction reads, and E1E2 = exon 1 - exon 2 junction reads.

PIR =
average(E1I, IE2)

average(E1I, IE2) + E1E2

4.6.5 RT-PCR

100 ng RNA per sample was reverse transcribed into cDNA using Cells-to-CT RT buffer and RT

enzyme (Thermo Fisher Scientific Cat# A35378) consisting of 22.5 ul RNA and 27.5 ul of Cells-

to-CT RTMaster Mix. The reverse transcription reactions were incubated at 37C for 1 hour, and

95C for 5 min. The PCR protocol consisted of Phusion Hot Start II DNA Polymerase (Thermo

Fisher Scientific), 5x Phusion GC Buffer, 10 mM dNTPs, 10 uM Forward primer, 10 uMReverse

primer, and 2 ul cDNA, followed by visualization on a 2% agarose gel. The forward primer was 5’-

GACAACAACCCATGCAACAG-3’. The reverse primer was 5’-CCATCTGGCAGAGAAGAGATTT-

3’. The expected amplicon length was 208 bp for exon 8 included amplicons and 85 bp for exon 8

excluded amplicons.

4.6.6 Quantitative RT-PCR

RNAwas reverse transcribed into cDNA using Cells-to-CT RT buffer and RT enzyme (Thermo

Fisher Scientific Cat# A35378) consisting of 22.5 ul RNA and 27.5 ul of Cells-to-CT RTMas-

ter Mix. The reverse transcription reactions were incubated at 37C for 1 hour, and 95C for 5 min.

qPCRwas performed using TaqMan Fast AdvancedMaster Mix (Thermo Fisher Scientific Cat#

A35378) and Gene Expression Assays (Thermo Fisher Scientific Cat# 4331182) with 2 ul input

cDNA. The thermocycling parameters were 50C for 2 min, 95C for 2 min, 40 cycles of 95C for 1
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second and 60C for 20 seconds. TaqMan Gene Expression Assays included RFX3Hs01060440_m1,

RFX3Hs01060430_m1, CAMK2AHs00947041_m1, Human GAPDH Endogenous Control

(VIC/MGB probe, primer limited, Thermo Fisher Scientific Cat# 4326317E).
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5
Conclusion

5.1 Thesis summary

This thesis sought to understand the molecular and cellular underpinnings of human neurodevel-

opment and degeneration through functional genomic analysis of human brain tissue and iPSC-

derived models of two pediatric neurogenetic disorders, Ataxia Telangiectasia (A-T) andRFX3 hap-

loinsufficiency associated autism spectrum disorder (ASD). Through functional genomic dissection
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of human-based disease models, we have uncovered mechanisms by which pathogenic variants in the

genes ATM andRFX3 lead to their respective disease phenotypes.

Chapter 1 reveals novel insights into the role of microglia in the neurodegenerative disease Ataxia

Telangiectasia (A-T) leveraging single-nucleus RNA-sequencing of patient postmortem brain and

a human patient induced pluripotent stem cell (iPSC)-derived microglia and neuron model system.

While ATM loss-of-function has long been identified as the genetic cause of Ataxia Telangiectasia

(A-T), precisely how this genetic mutation leads to selective and progressive degeneration of cere-

bellar Purkinje and granule neurons remains unclear. ATM expression is enriched in microglia, the

resident immune cell of the central nervous system, throughout cerebellar development and adult-

hood. Microglial activation has been strongly implicated in neurodegenerative disease and has been

observed in rodent and cellular models of ATM deficiency. Here, we find evidence of prominent

inflammation of microglia in cerebellum from A-T patients using single-nucleus RNA-sequencing.

We find that A-T microglia exhibit transcriptomic signatures of aging and neurodegenerative dis-

ease associated microglia. Pseudotime analysis revealed that activation of A-T microglia preceded

upregulation of apoptosis related genes in granule and Purkinje neurons, and microglia exhibited

increased neurotoxic cytokine signaling to granule and Purkinje neurons in A-T. To confirm these

findings experimentally, we studied microglia and neurons that we generated from A-T patient

vs. control induced pluripotent stem cells (iPSCs). Transcriptomic profiling of A-T iPSC-derived

microglia revealed cell-intrinsic microglial activation of cytokine production and innate immune

response pathways compared to controls. Furthermore, adding A-T microglia to co-cultures with

either control or A-T iPSC-derived neurons was sufficient to induce cytotoxicity. Taken together,

these studies reveal that cell-intrinsic microglial activation may play a critical role in the development

and progression of neurodegeneration in Ataxia Telangiectasia.

Chapter 2 delineates a novel neurodevelopmental disorder associated with deleterious variants in

theRFX family of transcription factors. TheRFX family of transcription factors are evolutionarily
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conserved with known roles in ciliogenesis. While homozygous loss ofRFX genes leads to severe

ciliary defects and is generally embryonic lethal in rodent models, a heterozygous phenotype has not

been previously described. We identified 38 individuals with de novo variants inRFX3,RFX4, and

RFX7, and demonstrated that haploinsufficiency of these genes is associated with a neurobehavioral

phenotype including ASD, ADHD, intellectual disability, and dysregulated behavior. Examination

of single-cell transcriptomes from developing and adult human cortex revealed enriched expression

ofRFX3 in upper layer glutamatergic neurons,RFX4 in astrocytes, andRFX7 in inhibitory and

excitatory neurons. Moreover,the RFX binding motif was enriched in enhancer regions associated

with ASD risk genes. These results establish a likely role of deleterious variation inRFX3,RFX4,

andRFX7 in cases of monogenic intellectual disability, ADHD and ASD, and position these genes

as potentially critical transcriptional regulators of neurobiological pathways associated with neu-

rodevelopmental disease pathogenesis.

Chapter 3 delves into the molecular and cellular mechanisms ofRFX3 in human neurodevelop-

ment using genetic models ofRFX3 dosage in iPSC-derived dorsal forebrain organoids and neurons.

Organoid single-cell RNA sequencing revealed delayed neuronal differentiation with biallelic loss

ofRFX3, but not monoallelic loss ofRFX3 as is observed in patients. Transcriptomic and binding

analyses acrossRFX3 dosages demonstrated disruption of ciliary target gene expression inRFX3-/-

neurons, but notRFX3+/- neurons. Instead,RFX3+/- neurons demonstrated disruption of synap-

tic target gene expression associated with decreased synchronization of neural activity. Binding of

RFX3 co-occurred with CREB near activity-dependent genes, andRFX3 deficiency led to impaired

induction of CREB targets in response to neuronal depolarization associated with decreased CREB

binding. This chapter highlights a novel role of the ciliogenic transcription factorRFX3 in shaping

activity-dependent responses in human neurons that is disrupted by haploinsufficiency.

Chapter 4 highlights the potential of gene based therapies for neurogenetic disorders and de-

scribes a framework for using human neurons to identify antisense oligonucleotide (ASO) amenable
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targets that may be relevant for neurodevelopmental conditions like ASD. ASOs are short nu-

cleotide sequences that can be designed to bind specific RNA targets to modulate gene expression.

Monogenic forms of ASD are often caused by heterozygous loss-of-function mutations, leaving

the other allele intact. We identify ASD risk genes with wildtype transcripts degraded by nonsense-

mediated decay due to mRNA processing inefficiencies (poison exon inclusion, intron retention,

vulnerable exon exclusion) in human iPSC-derived neurons. UsingRFX3 as a model, we demon-

strate that ASOs can modulate splicing to correct mRNA processing inefficiencies to increase gene

expression. This chapter provides a map of potential therapeutic opportunities for monogenic

forms of ASD.

5.2 Future directions

5.2.1 Future directions in understanding neurodegeneration in A-T

Our finding that microglia are activated in A-T and contribute to increased cytotoxicity of neu-

ronal cultures raises several key questions that would be of great interest for future research. One

central remaining question is why the cerebellum specifically degenerates in A-T while the cortex

is generally intact. We found that A-T microglia from the cerebellum have greater upregulation of

pro-inflammatory genes than A-Tmicroglia from the prefrontal cortex (PFC), but it remains un-

clear whether this observation is completely due to a cell-intrinsic microglia phenotype or may also

be influenced by microglial activation by differential disease pathology in the cerebellum compared

to cortex. Selective cerebellar degeneration may arise from 1) intrinsic differences between cerebellar

and PFCmicroglia, such that A-T cerebellar microglia induce more cytotoxicity, or 2) differential

neuronal vulnerability between cerebellum and PFC. One method to compare the impact of ATM

deficiency between cerebellar and PFCmicroglia is to establish primary cultures of freshly isolated

rodent or human cerebellar and PFCmicroglia, induce ATM deficiency with ATM siRNA or small
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molecule ATM inhibitors (such as AZD1390), and assess their levels of activation by comparing

their transcriptomes and cytokine secretion. By inducing ATM deficiency in homogeneous cultures

of cerebellar and PFCmicroglia, we can look for brain region specific differences in cell-intrinsic

phenotypes. Alternatively, to determine whether differential neuronal subtype vulnerability may be

a contributing mechanism, co-culture of A-T patient iPSC-derived microglia with dorsal forebrain

organoids and cerebellar organoids combined with single-cell transcriptome and spatial analysis

could provide insight on differential microglia-neuronal interactions in the two brain regions. For

example, microglia may have a greater predisposition to associate with synapses of particular neu-

ron types based on differential expression of “eat me” signals, or pathologically activated microglia

may secrete neurotoxic cytokines with receptor expression that varies between neuron types. How-

ever, one present limitation is that organoid models for the cerebellum are relatively less established

and do not develop neurons with the same complexity characteristic of Purkinje neurons. Until

organoid models of the cerebellum become more advanced, an alternative approach is to transplant

human A-T patient iPSC-derived microglia into rodent models to understand their impact on corti-

cal and cerebellar degeneration in a physiological context.

Another key question is whether restoration of ATM expression can modify disease progres-

sion, and whether restoration in particular cell types is sufficient. To understand the role of loss of

ATM specifically in microglia, we can rescue ATM expression in our A-T patient iPSC-derived

microglia. In fact, this is experimentally feasible today, since our laboratory has already developed a

splice-switching ASO that successfully rescues the pathogenic ATM c.7865C>Tmutation found

in the patient iPSC-derived microglia used in our experiment128. This experimental ASO is cur-

rently in clinical trial128, and could be used to determine whether microglial rescue is sufficient to

prevent further cytotoxicity of neuronal co-cultures. We can also co-culture A-T microglia with A-T

iPSC-derived neurons that are treated with ASO to determine whether ATM rescue in neurons is

sufficient to reduce neurotoxicity. These complementary experiments will reveal the microglia and
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neuronal mechanisms contributing to degeneration in A-T. These tractable systems also allow mod-

eling of disease progression by sampling over time to determine the order in which cell type specific

perturbations occur and define the critical windows and cell types when genomic interventions may

be beneficial. Taken together, these future experiments could illuminate the precise mechanisms by

which microglia-neuron interactions may contribute to selective cerebellar degeneration in A-T.

5.2.2 Future directions in understanding RFX-associated neurodevelopmen-

tal disorders

Since our initial study on deleterious variants in RFX associated with neurodevelopmental disor-

ders, we have been in contact with 9 additional cases (4RFX3, 4RFX7, 1RFX4). As a result, there

are 47 known cases of neurodevelopmental disorders associated withRFX3,RFX4, orRFX7 vari-

ants. These RFXmembers share a DNA binding motif, but have enriched expression in distinct

cell types in the adult human cortex. WhileRFX3 andRFX7 are both expressed in cortical gluta-

matergic neurons,RFX7 also has enriched expression in inhibitory neurons, andRFX4 has enriched

expression in astrocytes. This raises the question of how deficiency ofRFX3,RFX4, andRFX7 con-

verge on similar neurobehavioral phenotypes despite expression and therefore potentially disrupted

function in distinct cell types. Moreover, while we have characterizedRFX3 binding sites in human

neurons in this thesis, the binding sites ofRFX4 andRFX7 in the human brain remain unstudied.

Therefore, an area of future research is to extend theRFX3 functional genomic studies described in

Chapter 3 to iPSC-derived models ofRFX4 andRFX7 haploinsufficiency to identify whether there

is a common set of targets with disrupted expression inRFX3,RFX4 andRFX7 deficiency that may

contribute to the resulting neurodevelopmental disorder.

In addition, future work remains to further understand precisely howRFX3 shapes activity

dependent responses. While we have demonstrated thatRFX3 constitutively promotes CREB

binding to a subset of promoters in the genome of glutamatergic cortical neurons, it remains un-
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clear whetherRFX3 promotes binding at only these specific sites and if so, why. One hypothesis is

thatRFX3modulates CREB binding to these sites in a cell type specific manner, such as in L2/3

neurons specifically. Future advances in single-cell CUT&RUN-sequencing to profileRFX3 and

CREB binding in a diversity of cell types, such as excitatory neurons, inhibitory neurons, and glia,

could provide insight on this question. It also remains unknown whetherRFX3 plays a permis-

sive or instructive role in activity dependent responses. We found thatRFX3 deficiency leads to de-

creased CREB binding associated with impaired induction of immediate early genes in response to

neuronal depolarization with KCl, which is consistent with either a permissive or an instructive role.

To determine whetherRFX3 is permissive or instructive, depolarization induced immediate early

gene expression can be assessed in neurons withRFX3 overexpression. IfRFX3 has an instructive

role, we would expect to see enhanced activity dependent responses in neurons withRFX3 over-

expression. This would provide insight into whetherRFX3 overexpression may be an approach

to synthetically restore activity dependent responses in neurodevelopmental disorders caused by

pathogenic variants in activity dependent components. Furthermore, resolving the activity depen-

dent complex components that RFX3 binds through co-immunoprecipitation studies in neurons

with and without stimulation can illuminate whetherRFX3 also has roles in recruiting or stabilizing

binding of other key activity dependent complex factors. Finally, while this thesis has focused on

human-based models of neurogenetic disorders, detailed phenotyping of aRFX3+/- mouse model

in light of our current human iPSC-derived findings would be useful for linking alterations at the

molecular and cellular level to behavioral phenotypes and in a more physiological context. For ex-

ample, we could investigate whether activity dependent responses to physiological stimuli, such as

light, sound, or touch, are blunted inRFX3+/- mice and how this correlates with neurobehavioral

phenotypes.
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5.3 Future directions in ASO development for monogenic neurological dis-

orders

In Chapter 4, we cataloged genome-wide intron retention events in highly penetrant ASD risk genes

as potential candidates for ASO therapy development. Future work involves experimental validation

of the intron retention events with RT-PCR, design and screening of ASOs to enhance intron splic-

ing, and demonstration that the ASO can increase productive mRNA and protein levels in neuronal

models of haploinsufficiency.

We also identified several ASOs that could increase productiveRFX3 splicing and rescue expres-

sion of a downstream target gene. Expanding this work to characterize whichRFX3 deficiency asso-

ciated transcriptional alterations are 1) rescuable and 2) reversible with ASO treatment at different

neuronal stages will help define critical windows when ASO therapy may be most beneficial. Future

studies may also involve determining whether restoringRFX3 expression in mature neurons can res-

cue activity-dependent gene induction in response to depolarization, and rescue neuronal network

activity phenotypes. The ASOs identified serve both as scientific tools to elucidateRFX3’s role by

providing a means to restoreRFX3 expression (sinceRFX3 is too large for traditional expression

methods such as cDNA and ORF constructs), and as a potential therapeutic avenue for understand-

ing which deficits associated withRFX3 deficiency may be reversible.

5.4 Future directions for the field of functional genomics in iPSC-derived

model systems

The past decade has experienced a tremendous burgeoning of human disease modeling with iPSCs

and molecular understanding enabled by multi-omic technologies. Technological improvements

in both iPSCmodeling and functional genomics promise to deepen our understanding of human
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genetic diseases. There are several key areas where advances may transform our ability to study neu-

rogenetic disorders. First, improvements in organoid modeling of specialized brain regions, such as

the cerebellum, and iPSC differentiation into specific cell types, can enable the study of genetic vari-

ants on disorders that affect specific regions or cell types in the brain. The rapid growth of single-cell

atlases of the human brain in development and adulthood can elucidate critical cell type enriched

transcription factors that may be overexpressed to efficiently differentiate iPSCs into a variety of cell

types. In addition, a major challenge in organoid modeling is difficulty of maintaining long-term

culture due to internal cellular necrosis from lack of oxygen and nutrient delivery. Innovations to

incorporate vascularization and nutrient delivery to organoids can enable long-term culture which

may be useful for modeling age-associated and neurodegenerative diseases. Moreover, advances in

3D organoid phenotyping, including electrophysiology, live organoid imaging, and single-cell omics

will improve our understanding of cell type specific involvement in neurogenetic disease.

Lastly, continuing innovations in single cell technologies and genomics has the potential to ad-

dress a significant challenge in neuroscience: the vast diversity of cell types and states within the

brain, ranging from transcriptomes, to morphology, anatomical localization, and synaptic targets.

Recent developments in single-synapse sequencing197, single-cell epigenomic profiling21, and spa-

tial technologies276 combined with established single-cell RNA-sequencing applied to human brain

tissue and iPSC-derived models holds the promise of dissecting critical underlying human-specific

biology of neurogenetic disorders.

5.5 Concluding remarks

The work presented in this thesis illustrates the power of combining functional genomic studies

in patient-derived tissues with neurobiologic experimentation in human iPSC-derived models to

understand the neurogenetic basis of human brain development and degeneration.
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A
Appendix

A.1 Chapter 1 Supplemental Figures

Chapter 1 contains the following supplemental figures: A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8 A.9 A.10

A.11
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Figure A.1: Pathogenic ATM variants in A‐T cases. Alignment tracks of whole genome sequencing (WGS) reads at the
ATM locus showing pathogenic variants in A‐T cases.
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Figure A.2: Quality control information for snRNA‐seq data from cerebellum and PFC. A. Transcript (nCount_RNA),
gene (nFeature_RNA), percent transcripts from mitochondrial genes, and percent transcripts from ribosomal genes per
cerebellar sample before quality control filtering. B. Transcript (nCount_RNA), gene (nFeature_RNA), percent transcripts
from mitochondrial genes, and percent transcripts from ribosomal genes per cerebellar sample after quality control
filtering.
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Figure A.2 (Continued). C. UMAP plots of cerebellar data showing integration of samples, sex, age, and disease status.
D. Stacked barplots showing proportion of each cell type per cerebellar sample. E. Posterior distribution of log2 ratio
of cell type proportions in A‐T cerebellum after 500 random permutations. F. Transcript (nCount_RNA), gene (nFea‐
ture_RNA), percent transcripts from mitochondrial genes, and percent transcripts from ribosomal genes per PFC sample
before quality control filtering. G. Transcript (nCount_RNA), gene (nFeature_RNA), percent transcripts from mitochon‐
drial genes, and percent transcripts from ribosomal genes per PFC sample after quality control filtering. H. UMAP plots
of cerebellar data showing integration of samples, disease status, sex, and age. I. Stacked barplots showing proportion
of each cell type per PFC sample. J. Posterior distribution of log2 ratio of cell type proportions in A‐T PFC after 500
random permutations.
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Figure A.3: snRNA‐seq data of A‐T PFC. A. UMAP plot of major cell types in AT and control human PFC, downsampled
to 10,000 cells per condition only for visualization purpose. B. Relative abundance of cell types in AT versus control
PFC, shown as the posterior distribution of Log2(proportion in AT/proportion in control) with 89% credible interval. Red
bars highlight credible intervals that do not overlap 0. Bolded cell type labels indicate a significant difference in relative
abundance. C. Differentially expressed genes (DEGs) in each cell type with FDR<0.05, |Log2FoldChange|>0.50. Each dot
represents a significantly differentially expressed gene.
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Figure A.4: Enriched expression of monogenic cerebellar disease genes in specific cell types. A. Dotplot of average
scaled expression of ATM in cell types of the adult human cerebellum and prefrontal cortex, and B. developing human
cerebellum (Aldinger et al., 2021). Microglia have the highest expression of ATM out of all cell types in the cerebellum
and PFC. Size of dot represents percentage of single cells expressing the gene. Expression scaled to mean of 0 and
standard deviation of 1. C. Heatmap of cerebellar ataxia disease gene expression across cell types in control human
cerebellum. Color represents centered and scaled log‐normalized expression. *Enrichment p‐value <0.05.
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Figure A.4 (Continued). OPC: oligodendrocyte precursor cell, IN‐SV2C: SV2C expressing inhibitory neuron; IN‐PV:
PVALB expressing inhibitory neuron; IN‐SST: SST expressing inhibitory neuron; L5/6‐CC: layer 5/6 cortico‐cortical neu‐
ron; L5/6: layer 5/6 neuron; L4: layer 4 neuron; L2/3: layer 2/3 neuron; 01‐PC: Purkinje cells; 02‐RL: Rhombic lip; 03‐
GCP: Granule cell progenitors; 04‐GN: Granule neurons; 05‐eCN/UBC: Excitatory cerebellar nuclei neurons/Unipolar
brush cells; 06‐iCN: Inhibitory cerebellar nuclei neurons; 07‐PIP: PAX2+ interneuron progenitors; 08‐BG: Bergmann
glia; 09‐Ast: Astrocytes; 10‐Glia: Glia; 11‐OPC: Oligodendrocyte precursor cells; 12‐Committed OPC: Committed
oligodendrocyte precursor cells; 13‐Endothelial: Endothelial cells; 14‐Microglia: Microglia; 15‐Meninges: Meninges;
16‐Pericytes: Pericytes; 17‐Brainstem: Brainstem; 18‐MLI: Molecular layer interneurons; 19‐Ast/Ependymal: Astro‐
cytes/ependymal cells; 20‐Choroid: Choroid plexus; 21‐BS Choroid/Ependymal: Choroid plexus/ependymal cell; SCA:
spinocerebellar ataxia; SCAR: spinocerebellar ataxia, recessive; SCAN: spinocerebellar ataxia, autosomal recessive, with
axonal neuropathy; CAMRQ: cerebellar ataxia, impaired intellectual development, and dysequilibrium syndrome.
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Figure A.5: Gene Ontology enrichment of upregulated and downregulated genes across cell types in A‐T cerebellum.
A. Heatmap of enriched pathways among upregulated DEGs in cell types from A‐T cerebellum. B. Heatmap of enriched
pathways among downregulated DEGs in cell types from A‐T cerebellum. Color represents z‐score of pathway signifi‐
cance (‐log10(p. adjusted)) and only significant pathways (p. adj <0.05) are colored.
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Figure A.6: Dysregulation of hereditary ataxia genes in A‐T.
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Figure A.6 (Continued). A. Heatmap showing log2 fold‐change of hereditary ataxia genes in A‐T cerebellum. *FDR<0.05.
ATM expression increased in several cell types in A‐T cerebellum, suggesting that lack of ATM function induces com‐
pensatory increases in transcription of the ATM locus. B. Enriched Gene Ontology (GO) pathways among disease genes
with enriched expression in Purkinje cells and downregulated in A‐T Purkinje cells. C. Overlap between HDAC4 neu‐
ronal target genes and downregulated DEGs in A‐T cerebellum.

Z-
sc

or
e 

-lo
g1

0(
p.

ad
ju

st
)

Z-
sc

or
e 

-lo
g1

0(
p.

ad
ju

st
)

A B

Figure A.7: Enrichment of pathways among genes with greater dysregulation in A‐T cerebellum than A‐T PFC. A.
Heatmap showing log2 fold‐change of hereditary ataxia genes in A‐T cerebellum. *FDR<0.05. ATM expression in‐
creased in several cell types in A‐T cerebellum, suggesting that lack of ATM function induces compensatory increases in
transcription of the ATM locus. B. Enriched Gene Ontology (GO) pathways among disease genes with enriched expres‐
sion in Purkinje cells and downregulated in A‐T Purkinje cells. C. Overlap between HDAC4 neuronal target genes and
downregulated DEGs in A‐T cerebellum.
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Figure A.8: Pseudotime analysis of disease progression reveals early microglia activation. A. Disease progression pseu‐
dotime trajectory of A‐T cerebellar microglia, colored by disease status (red: A‐T, blue: control), or pseudotime (healthy
to diseased). B. Heatmap of genes that significantly change over pseudotime in microglia, clustered by pseudotemporal
expression patterns. Each cluster is annotated with enriched GO terms (FDR<0.05). C. Expression of CD11B, CGAS,
TRIM14, TRIM38, and TRIM56 over pseudotime in microglia. D. Heatmap of genes that change over pseudotime in
Purkinje neurons, clustered by pseudotemporal expression patterns. Each cluster is annotated with enriched GO terms
(FDR<0.05). E. Heatmap of genes that change over pseudotime in granule neurons, clustered by pseudotemporal ex‐
pression patterns. Each cluster is annotated with enriched GO terms (FDR<0.05). Heatmaps in B, D, E depict centered
and scaled expression.
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Figure A.9: A‐T patient iPSC‐derived microglia reveal cell‐intrinsic activation of NF‐kappaB and type I interferon path‐
ways. A. Schematic for generation of iPSC‐derived microglia (iMGL) from human A‐T patient and control iPSCs. PGP1,
Personal Genome Project 1; HPC: hematopoietic progenitor cells. B. Flow cytometry analysis of CD45 and CD11B
co‐expression in control iMGLs 24 days post‐differentiation. C. Expression of microglia (AIF1, CX3CR1, CSF1R, SPI1,
TREM2), myeloid lineage (MPO, KLF2), neuronal (MAP2, SOX2), and iPSC (POU5F1) marker genes in A‐T and control
iMGLs. Each column represents data from iMGL differentiated in an independent well. D. Principal component analysis
plot of A‐T and control iMGL (iMGL‐AT/control) and adult cerebellar cell type pseudobulk transcriptomic profiles derived
from snRNA‐seq in this study (AT/control‐microglia) and fetal cerebellar cell type pseudobulk transcriptomic profiles
derived from snRNA‐seq data in Aldinger et al., 2021 (Fetal‐microglia).
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Figure A.9 (Continued). E. Volcano plot for log2 fold change in gene expression in A‐T versus control iMGL. Representa‐
tive genes associated with cytokine secretion (purple), NIK/NF‐kappaB (green), phagocytosis (red), and type I interferon
(IFN) (blue) are highlighted. Horizontal dash line represents FDR=0.05. F. Ligand‐receptor pairs with increased commu‐
nication probability from microglia to granule or Purkinje neurons in A‐T cerebellum versus control. Dot color represents
communication probability (strength of signaling). Dot size represents significance of ligand‐receptor pair and pairs with
adjusted p‐value <0.01 shown.
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Figure A.10: Differentiation of A‐T patient and control human iPSCs into microglia and neurons.
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Figure A.10 (Continued). A. Flow cytometry analysis of CD45 and CD11B co‐expression in A‐T and control iMGLs 24
days post‐differentiation from 2 independent differentiation batches. B. Principal component analysis plot of A‐T and
control iMGL and adult cerebellar cell type pseudobulk transcriptomic profiles derived from snRNA‐seq in this study
and fetal cerebellar cell type pseudobulk transcriptomic profiles derived from snRNA‐seq data in Aldinger et al., 2021.
C. Heatmap of Spearman Correlation Coefficients between human adult and fetal cerebellar cell type transcriptome
profiles and iMGL transcriptome profiles. D. Heatmap of Spearman Correlation Coefficients between human control
(PGP1) iPSC‐derived neurons at day 6 of differentiation transcriptomes and human developing cerebellum (CB) and
cerebellar cortex (CBC) transcriptomes from BrainSpan: Atlas of the Developing Human Brain. iMGL‐AT, A‐T iPSC‐
derived microglia. iMGL‐WT, control iPSC‐derived microglia.
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Figure A.11: Altered cell‐cell communication in A‐T cerebellum. A. Relative information flow for signaling pathways
enriched in A‐T or control cerebellum. Information flow for each pathway is calculated as the sum of the communication
probability among all pairs of cell groups. 151



Figure A.11 (Continued). B. Ligand‐receptor pairs with increased communication probability between microglia, granule,
and Purkinje neurons in A‐T cerebellum compared to control. Dot color represents communication probability (strength
of signaling) and dot size represents significance of ligand‐receptor pair (adjusted p‐value). Empty space represents a
communication probability of zero.
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A.2 Chapter 2 Supplemental Figures

Chapter 2 contains the following supplemental figures: A.12 A.13 A.14 A.15 A.16 A.17
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Figure S1. Variants in RFX3 a�ect protein levels. 

Figure A.12: Impact of observed variants on RFX3 protein expression. Immunoblot analysis of RFX3 in Hela cells ex‐
pressing V5‐tagged RFX3 variants. Protein levels were assessed by measuring anti‐V5 immunoreactivity, normalized to
beta actin immunoreactivity, and expressed in relation to cells expressing V5‐tagged wild‐type RFX3. Top panel: repre‐
sentative Western blot; bottom panel: quantitative analysis showing average of six experiments. Error bars represent
standard deviation. Statistics: one‐way ANOVA by repeated measures, and follow‐up multiple comparisons test with
correction via Dunnett test. ***p<0.001, **p<0.01, *p<0.05.
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Figure S2. Pathogenicity scores of missense variants in RFX3, RFX4, and RFX7. 

Figure A.13: Deleteriousness scores of missense variants in RFX3, RFX4, and RFX7. A. The RFX3 missense variants re‐
ported in this study have a higher frequency of damaging predictions than prior reported missense variants. B. De novo
missense variants are more likely damaging than inherited missense variants. C. RFX3 missense variants are more likely
damaging than RFX4 or 7 missense variants. D. Prior reported missense variants in RFX3, 4, and 7 do not show clear
associations between predicted deleteriousness and inheritance. MPC, Missense badness, PolyPhen‐2, and Constraint.
NsynD, Nonsynonymous Damaging score. CADD, Combined Annotation Dependent Depletion.
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Figure S3. RFX3, RFX4, and RFX7 expression patterns in human cortex. 
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Figure A.14: RFX3, RFX4, and RFX7 expression patterns in human cortex. A. RFX3, 4, and 7 expression patterns in
single cells of adult human cortex (Allen Human Brain Atlas). Cell types identified in human cortex shown in t‐SNE
plot with taxonomy of clusters. Expression color‐scale units are Log2(CPM+1). Data from Allen Brain Map single‐
nucleus RNA‐sequencing of human cortex (Image credit: Allen Institute). B. Heatmap visualizing RFX3, 4, and 7 ex‐
pression among adult human cortical cell types, along with canonical cell type markers. (Image credit: Allen Institute). C.
RFX3, RFX4, and RFX7 expression across all human tissues. (Data Source: GTEx Analysis Release V8 dbGaP Accession
phs000424.v8.p2). 156
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Figure S4. RFX3 and RFX4 binding motifs are present in ASD-associated gene promoters. 

Figure A.15: Presence of RFX3 and RFX4 binding motifs in ASD‐associated gene promoters. A. RFX3 binding motif
MA0798.1 (JASPAR 2020). B. ASD risk genes with significant RFX3 binding motif occurrences. C. RFX4 binding motif
MA0799.1 (JASPAR 2020). D. ASD risk genes with significant RFX4 binding motif occurrences. E – G. RFX3 ChIP‐seq
binding peaks are located in promoter region of ASD‐associated genes (E) AP2S1, (F) KDM6B, (G) NONO. All motif oc‐
currences were identified using FIMO, q‐values <0.10. RFX3 in HepG2 ChIP‐ seq binding peaks obtained from ENCODE
GSM2534235.
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Figure S5. Customized KEGG enrichment analysis of RFX functional binding sites. 
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Figure A.16: Customized KEGG enrichment analysis of RFX functional binding sites. The enrichment of KEGG pathways,
ciliary genes, ASD risk gene sets, and ASD differentially expressed genes (DEGs) for different RFX binding profiles. (A–
D) representative barplots of the enriched customized KEGG pathways were shown using RFX1 (A‐B), and RFX5 (C‐D)
ChIP‐ seq data. Pathways and ASD gene sets are ranked by their statistical significance (p.adjust values, Benjamini‐
Hochberg’s correction). Red arrows indicate ASD risk gene sets and ASD DEGs. Black arrows indicate the gold standard
ciliary genes. X‐axis shows the number of genes bound by RFX in their promoter regions.
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Figure S6. Correlation of enrichment significance in ASD gene sets with RFX expression level. 
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Figure A.17: Correlation of enrichment significance in ASD gene sets with RFX expression level. RFX expression levels
in different cell lines were correlated with the enrichment significances [– log10(p.adjust)] for (A) Velmeshev et al. ASD
differentially expressed genes (DEGs); (B) Satterstrom et al. 102 ASD risk genes; (C) Coe et al. 253 NDD risk genes. Red
dotted line indicates the P‐value = 0.05. X‐axis shows the GTEx expression of RFX in different cell lines derived from a
variety of human tissues.
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A.3 Chapter 3 Supplemental Figures

Chapter 3 contains the following supplemental figures: A.18 A.19 A.20 A.21 A.22 A.23
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Figure A.18: scRNA‐seq of RFX3WT, HET, and KO dorsal forebrain organoids.
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Figure A.18 (Continued). A. Generation of RFX3 isogenic lines (RFX3 WT, HET, and KO) using CRISPR‐Cas9. The
schematic shows the indels generated in RFX3 exon 5. n=2 heterozygous clones, n=2 homozygous clones. Coding
nomenclature is for transcript NM_001282116.2. B. Western blot of RFX3 and alpha‐tubulin protein levels in RFX3 WT,
HET, and KO iPSCs. C. Violin plot of quality control metrics per sample post‐filtering. D. UMAP visualization of meta
data. E. Organoid transcriptomes correlate with mid‐gestation fetal brain. Spearman correlation coefficient of organoid
bulk transcriptome and human brain transcriptome across development (primary motor cortex, BrainSpan) (top). RFX3
expression in RPKM across human brain development (primary motor cortex, BrainSpan) (bottom). F. RFX3 expression
across cell types in day 45 and day 90 organoids.

Figure A.19: Cell type specific gene expression dysregulation in day 45 RFX3 deficient dorsal forebrain organoids. A.
Volcano plot showing cell type specific differentially expressed genes (DEGs) between RFX3 HET and WT organoids
and RFX3 KO and WT organoids. Genes significantly downregulated are in blue (log2FC<‐0.25, FDR<0.05). Genes
significantly upregulated are in red (log2FC>0.25, FDR<0.05). The top DEGs ranked by significance are labeled. B. Gene
Ontology (GO) term enrichment analysis of significantly downregulated genes in RFX3 HET and KO organoids.

162



Figure A.20: Cell type specific gene expression dysregulation in day 90 RFX3 deficient dorsal forebrain organoids. A.
Volcano plot showing cell type specific differentially expressed genes (DEGs) between RFX3 HET and WT organoids and
RFX3 KO and WT organoids. 163



Figure A.20 (Continued). Genes significantly downregulated are in blue (log2FC<‐0.25, FDR<0.05). Genes significantly
upregulated are in red (log2FC>0.25, FDR<0.05). The top DEGs ranked by significance are labeled. B. Gene Ontology
(GO) term enrichment analysis of significantly downregulated genes in RFX3 HET and KO organoids.
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Figure A.21: Modeling RFX3 deficiency in Ngn2 neurons. A. RFX3 expression across Ngn2 iPSC‐derived neuron differ‐
entiation days 0, 6, 14, and 28 measured by RNA‐sequencing. TPM, transcripts per million reads.
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Figure A.21 (Continued). B. Representative Western blot of RFX3 in day 14 Ngn2 neurons (left). Quantification of West‐
ern blot (right). n=3 independent differentiations per condition. **p< 0.01, ***p<0.005. one‐way ANOVA with t‐test
with Bonferroni correction. C. Representative images of day 20 Ngn2 neurons stained with Hoechst (nuclei), or ARL13B
(cilia). White arrows indicate ARL13B+ cilia. White dashed boxes indicate the inset region. Scale bar=100 um. D. Quan‐
tification of fraction of soma with ARL13B+ cilia in day 20 Ngn2 neurons. n=16 independent wells per condition. ns,
not significant, one‐way ANOVA with t‐test with Bonferroni correction. E. Quantification of ARL13B Western blot. n=3
independent neuron differentiations per condition. Data represent mean +/‐ SEM. *p <0.05, ns not significant, one‐way
ANOVA with t‐test with Bonferroni correction. F. Representative Western blot of ARL13B and GAPDH in day 14 Ngn2
neurons. n=3 independent differentiations per condition.
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Figure A.22: Characteristics of RFX3 binding motifs in RFX3 binding sites. A. Average neurite length (um) per cell
marked by TUJ1 in day 14 cultures. p <0.05, ns not significant, one‐way ANOVA with t‐test with Bonferroni correc‐
tion. 167



Figure A.22 (Continued). B. RNA fraction of cell types estimated by deconvolution of bulk RNA‐seq data from iPSC‐
derived Ngn2 neurons at days 0, 6, and 14. C. Average number of RFX3 motifs per binding region associated with
ciliary genes or synaptic genes. ns, not significant, t‐test. Data represent mean +/‐ SEM. D. Average RFX3 motif score
in binding regions associated with ciliary genes, non‐ciliary genes, or synaptic genes. ns, not significant, t‐test. E. Gene
Ontology (GO) enrichment analysis of genes associated with a primate‐specific or conserved RFX3 motif. Dashed line
indicates significance threshold FDR 0.05. F. Proportion of primate‐specific or conserved RFX3 motifs within each
genomic region. *p<0.05, proportions z‐test with Bonferroni correction.

168



Figure A.23: RFX3 modulates CREB‐dependent activity‐dependent transcriptional responses. A. Top two binding motifs
enriched within activity inducible H3K27ac regions in Ngn2 neurons.
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Figure A.23 (Continued). B. Jaccard index of RFX3 binding sites and all activity inducible H3K27ac regions or those as‐
sociated with early response genes (ERG) in glutamatergic (Glu) Ngn2 neurons. Dot size indicates Jaccard index. Color
indicates significance of overlap, Fisher’s exact test, two‐tail adjusted p‐value. C. Volcano plot of differentially expressed
genes in 1.5 hour or 6 hour KCl stimulated WT v. unstimulated WT neurons at day 14 in culture. D. Volcano plot of
differentially expressed genes in 6 hour KCl stimulated HET v. WT or KO v. WT neurons at day 14 in culture. Genes
significantly downregulated are in blue (FDR<0.05). (C‐D) Genes significantly upregulated are in red (FDR<0.05). Top 10
DEGs are labeled. E. Fold‐induction of all late response genes at 1.5, 4, and 6 hours post KCl depolarization compared to
unstimulated neurons. Data represented as mean and 95% CI, *p<0.05 t‐test, n=3 independent neuron differentiations
per genotype. F. RFX3 expression at 1.5, 4, and 6 hours post KCl depolarization compared to unstimulated WT neu‐
rons. Data represented as mean and 95% CI, n=3 independent neuron differentiations. G. Representative images and
quantification of RFX3 in unstimulated and KCl stimulated (15 minutes) day 14 WT neurons. n=8 independent wells per
condition, ns, not significant, t‐test. Scale bar=100 um. H. Fold‐induction of FOSB, FOSL2, JUNB, NR4A2 at 1.5 hours
post FSK (10 uM) or H89 (10 uM) pretreatment and FSK (10 uM) assessed by RT‐qPCR. Data represented as mean +/‐
SEM, n=3‐4 independent wells per condition. *p<0.05, **p<0.01, ***p<0.005, ns not significant, one‐way ANOVA with
t‐test with Bonferroni correction.
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Figure A.24: Depolarization induced activation of CREB is intact in RFX3 deficient neurons. A. Representative images
of PCREB and CREB in unstimulated and stimulated (1.5 hours KCl, 55 mM) WT, HET, and KO day 14 neurons. Scale
bar=100 um.
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Figure A.24 (Continued). B. Quantification of nuclear PCREB intensity normalized by CREB intensity in unstimulated
and stimulated (1.5 hours KCl, 55 mM) WT, HET, and KO day 14 neurons. P‐values correspond to one‐way ANOVA with
t‐test with Bonferroni correction. C. Representative Western blot of PCREB, CREB, and GAPDH in unstimulated and
stimulated (15 minutes KCl, 55 mM) WT, HET, and KO day 14 neurons. D. Quantification of Western blot from (C) as the
ratio of PCREB/CREB signal. Data represent mean +/‐ SEM, n=7 replicates per condition. *p<0.05, ns, not significant,
one‐way ANOVA with t‐test with Bonferroni correction.
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