
  

 

 

 

  

 

Multimodal 3D approaches to 
studying neurodevelopmental 
disorders 

 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

i 

 

  

 

CELL TYPE EMERGENCE AND CIRCUIT DISRUPTIONS IN FETAL MODELS OF 

15q13.3 MICRODELETION BRAIN DEVELOPMENT 

 

By 

 

Savannah Kilpatrick, BSc. 

 

 

 

 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfilment of the 

Requirements for the Degree Doctor of Philosophy 

 

 

 

McMaster University © Copyright by Savannah Kilpatrick, September 2023 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

ii  

 

McMaster University DOCTOR OF PHILOSOPHY (2023) Hamilton, Ontario 

(Biochemistry) 

 

 

 

 

TITLE: CELL TYPE EMERGENCE AND CIRCUIT DISRUPTIONS IN FETAL 

MODELS OF 15q13.3 MICRODELETION BRAIN DEVELOPMENT 

 

 

 

 

AUTHOR: Savannah Kilpatrick B.Sc. (Honours) (McMaster University) 

 

SUPERVISOR: Dr. Karun K. Singh 

 

 

 

NUMBER OF PAGES: CCLXIX, 269 

 

  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

iii  

 

Abstract 

The 15q13.3 microdeletion is a common genetic disorder associated with multiple 

neurodevelopmental disorders including autism spectrum disorder, epilepsy, and 

schizophrenia. Patients have diverse clinical presentations, often prompting genetic 

assays that identify the CNV in the clinic. This late-stage screening leaves a considerable 

gap in our understanding of the prenatal and prediagnostic developmental impairments in 

these individuals, providing a barrier to understanding the disease pathobiology. We 

provide the first investigation into embryonic brain development of individuals with the 

15q13.3 microdeletion by generating multiple 3D neural organoid models from the 

largest clinical cohort in reported literature. We incorporated unguided and guided 

forebrain organoid models into our multi-transcriptomic phenotyping pipeline to uncover 

changes in cell type emergence and disruptions to circuit development, all of which had 

underlying changes to cell adhesion pathways.  

Specifically, we identified accelerated growth trajectories in 15q13.3del unguided 

neural organoids and used single cell RNA sequencing to identify changes in radial glia 

dynamics that affect neurogenesis. We measured changes in the pseudotemporal 

trajectory of matured unguided neural organoids, and later identified disruptions in 

synaptic signaling modules amongst the primary constituents to neural circuitry, 

excitatory and inhibitory neurons. 

We leveraged dorsal and ventral forebrain organoid models to better assess circuit 

dynamics, as they faithfully produce the excitatory and inhibitory neurons in the pallium 

and subpallium, respectively. We then used the entire 15q13.3del cohort and performed 

bulk RNA sequencing on each tissue type at two timepoints and discovered convergence 
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on transcriptional dysregulation and disruptions to human-specific zinc finger proteins 

localized to chromosome 19. We also identified cell type-specific vulnerabilities to DNA 

damage and cell migration amongst the dorsal and ventral organoids, respectively, which 

was consistent with the excitatory and inhibitory neural subpopulations amongst the 

unguided neural organoids scRNA Seq, respectively. 

We then examined neuron migration in a 3D assembloid model by sparsely 

labeling dorsal-ventral forebrain organoids from multiple genotype-lineage combinations. 

Light sheet microscopy identified deficits in inhibitory neuron migration and 

morphology, but not migration distance, suggesting a complex disruption to cortical 

circuitry. This novel combination of cell type characterization, pathway identification, 

and circuitry phenotyping provides a novel perspective of how the 15q13.3 deletions 

impair prenatal development and can be applied to other NDD models to leverage 

understanding of early disease pathogenesis.  
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Summary for Lay Audience 

The development of the human brain is a highly complex and tightly regulated 

process that requires the participation of multiple cell types throughout development. 

Disturbances to the emergence, differentiation, or placement of these cell types can cause 

disruptions and local miswiring of neural circuits, which is often associated with 

neurodevelopmental disorders (NDDs). The 15q13.3 microdeletion syndrome is a highly 

complex condition associated with multiple NDDs and has seldom been studied in a 

human context. To address this, we used stem cells derived from a 15q13.3 microdeletion 

syndrome cohort and their typically developing familial controls to generate unguided 

(ñwhole brainò) and region-specific organoids to investigate early fetal development 

across time.  

We used the largest 15q13.3 microdeletion cohort in reported literature to identify 

shared disruptions in early developmental milestones such as neurogenesis, neural 

migration, and neural patterning. We identified expansion of specific cell populations, 

including progenitors that later give rise to mature neurons. Abnormalities persisted in 

more mature cell populations, including the inhibitory neurons responsible for 

establishing critical microcircuitry in the human cortex. By generating guided organoids 

that enrich for excitatory and inhibitory neural populations, we were able to merge the 

models to form assembloids, where we captured early migratory and morphological 

deficits in inhibitory neuron populations, which is supported by the multi-transcriptomics 

experiments performed in both organoid models. This study provides a framework for 

examining fetal development in a neurodevelopmental disorder context. By using the 

15q13.3 microdeletion background, we found novel disruptions in cell type emergence 
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and circuit formation previously unreported in mouse or 2D neuron models, highlighting 

the utility of the phenotyping platform for disease modeling.     

 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

vii  

 

Contributions to the thesis  

Experimental design, data acquisition, and analysis was carried out by myself with the 

following exceptions:  

Chapter 3: Loss of 15q13.3 genes in unguided neural organoids disrupts cellular 

trajectories and predicted cellular communication. 

The core scRNA Seq analysis script was amended from the Seurat package by Jarryll Uy.  

Chapter 4: Abnormal  developmental trajectories in guided dorsal ventral 

15q13.3del dorsal and ventral forebrain  organoids converge on human-specific 

transcriptional  dysregulation and abnormal circuitry.  

Processing of the raw bulk RNA Seq data (adapter trimming, read alignment) was 

performed using an analysis pipeline from the Hope lab written by Tony Chen that 

incorporated CutAdapt and STAR2Pass, respectively.  

Supplementary data 

Supplementary Figure 1: Sendai viral transfections and colony expansion for 

reprogramming for iPSCs was performed by Dr. Alexandria Afonso (patient family 3) 

and Annie Cheng (patient families 4-6). They also conducted flow cytometry for 

pluripotency validations.  

Supplementary Figure 1: Mycoplasma PCR tests were performed by Dr. Yi Pan.  

Supplementary Figure 4: iPSCs from three 15q13.3 families were infected by Dr. Leon 

Chalil for NGN2 axon morphology experiments.  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

viii  

 

Acknowledgments 

This project was carried out over the traditional territories of the Mississaugas of the 

Credit, the Anishnabeg, the Chippewa, the Haudenosaunee and the Wendat Nations, 

which remain unceded territory.  

I would like to firstly thank my supervisor, Dr. Karun Singh, for his constant 

support over the years and throughout this entire project; for always keeping your door 

(or email, or phone) open and available for scientific discussions no matter the hour. 

Thank you for investing in lab culture and ensuring the environment in and outside the 

lab is always a supportive one. Thank you to my committee members, Dr. Leslie 

MacNeil and Dr. Brad Doble, whose insight over the years helped shape the project and 

my expectations of what great science is.  

Iôd like to thank my lab members, both past and present, for fostering an 

environment of support and friendship ï with special thanks to the following people: 

The 15q13.3 veterans, Dr. Brianna Unda, and Dr. Leon Chalil: for teaching me the value 

of a good culture and for your patience when I was just starting out. Thank you, Dr. 

Nadeem Murtaza, for being a pillar in the lab and for your constant engagement in my 

and everyoneôs projects. Philadelphiaôs gain is our loss. To Annie Cheng, for constantly 

supporting me, both scientifically and with your insanely good cooking, and for always 

checking in on my mental health. Itôs hard to find a friend as loyal as you. Thank you 

Jarryll Uy, for teaching me the ways of single cell RNA sequencing and the dank art of 

dog memes. To Laura Botler, for always providing support and a picture of a hometown 

capybara when needed.  

Iôd like to thank members of the Wallace lab, Drs. Akshay Gurdita and Neno 

Pokrajac, for teaching me the magic of tissue clearing and for your patience whenever I 

crashed the IMARIS software. Thank you to Tony Chen for your insight into best 

practices in transcriptomics, and for your genuine interest in a project entirely outside of 

your field.  Iôve been supported by wonderful staff at McMaster and Krembil ï thanks 

Dr. Kevin Conway, for humoring some wild imaging experiments on my end, and for 

investing in my science.  

Iôm grateful to the friends Iôve lived with: Tanya Karyakina, Waverley Birch, and 

Kieran Lehan ï thank you for taking me into your home and into the woods when 

needed; you really made a house a home. My family has provided unwavering support 

through this entire process, and Iôm endlessly grateful for their love and understanding 

when science got in the way. Lastly, I need to thank my partner, Craig Matthews, for 

waking up at ungodly hours just to share a coffee with me before I head to lab. I couldnôt 

have done this without your support and frequent reminder that better things are just 

around the corner. 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

ix 

 

TABLE OF CONTENTS 

Abstract .............................................................................................................................. iii  

Summary for Lay Audience ................................................................................................ v 

Contributions to the thesis ................................................................................................ vii  

Acknowledgments............................................................................................................ viii  

TABLE OF CONTENTS ................................................................................................... ix 

List of abbreviations and symbols ................................................................................... xiv 

List of Tables ................................................................................................................. xviii  

List of Figures .................................................................................................................. xix 

1 CHAPTER 1: INTRODUCTION .................................................................................. 1 

1.1 Neurodevelopment .................................................................................................. 1 

1.1.1 Neurogenesis ............................................................................................... 1 

1.1.2 Neuronal migration ..................................................................................... 2 

1.2 Neurodevelopmental disorders (NDDs) ................................................................. 4 

1.2.1 Autism spectrum disorder ........................................................................... 4 

1.2.2 Epilepsy....................................................................................................... 5 

1.3 Genetics of NDDs ................................................................................................... 6 

1.3.1 Rare inherited and de novo variants. ........................................................... 6 

1.3.2 Copy number variants (CNVs). .................................................................. 7 

1.3.3 The 15q13.3 Microdeletion syndrome. ....................................................... 8 

1.4 Tools and limitations to studying NDDs. ............................................................. 17 

1.4.1 Mouse models of NDDs............................................................................ 17 

1.4.2 The Df(h15q13)/+ mouse model. .............................................................. 17 

1.4.3 iPSC and organoid modeling of NDDs. .................................................... 18 

1.4.4 Bulk transcriptomic approaches to assess developmental trajectories. .... 23 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

x 

 

1.4.5 Single cell transcriptomics as a tool to examine cellular composition 

and communication. .................................................................................. 24 

1.5 Thesis objectives ................................................................................................... 26 

1.5.1 Aim 1: Characterizing vulnerable cell types and cellular trajectories in 

the 15q13.3 microdeletion cohort. ............................................................ 27 

1.5.2 Aim 2: Characterization of cell-type specific contributions to 15q13.3 

microdeletion syndrome progression and pathology. ............................... 28 

1.5.3 Aim 3: Applying assembloid models to assess 15q13.3del circuit 

abnormalities. ............................................................................................ 29 

2 CHAPTER 2: MATERIALS AND METHODS ......................................................... 30 

2.1 hiPSC Reprogramming and maintenance. ............................................................ 30 

2.1.1 Patient sample collection and Cell Oversight Committees. ...................... 30 

2.1.2 Patient cohort ............................................................................................ 30 

2.1.3 Reprogramming and hiPSC culturing. ...................................................... 33 

2.2 Organoid generation and tissue handling .............................................................. 33 

2.2.1 Organoid and assembloid generation ........................................................ 33 

2.2.2 Organoid BrdU pulse, fixation, and immunocytochemistry ..................... 34 

2.2.3 Confocal microscopy and ICC cell population analyses .......................... 37 

2.2.4 Tissue clearing (CUBIC Protocol) ............................................................ 37 

2.3 Transcriptomics..................................................................................................... 38 

2.3.1 Bulk RNA Sequencing processing............................................................ 38 

2.3.2 Bulk RNA Sequencing Analysis ............................................................... 40 

2.3.3 Gene set enrichment analysis (GSEA) ...................................................... 41 

2.3.4 Cell dissociation for single cell RNA sequencing (scRNA Seq) .............. 41 

2.3.5 Single cell RNA sequencing analysis ....................................................... 42 

3 CHAPTER 3: Loss of 15q13.3 genes in unguided neural organoids (UNOs) 

disrupts developmental trajectories and predicted cellular communication. ............... 45 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xi 

 

3.1 scRNA Seq of immature 15q13.3del UNOs reveals altered proportion and 

structure of radial glia populations. ...................................................................... 45 

3.2 Mature 15q13.3del UNOs have global changes in inferred intercellular 

communication and enrichment for cell adhesion pathways. ............................... 50 

3.3 Pseudotime analysis predicts alterations in cell type emergence and identifies 

putative imbalances to excitatory and inhibitory signaling .................................. 53 

3.4 Chapter summary and considerations ................................................................... 58 

3.5 Chapter 3 Figures .................................................................................................. 60 

3.6 Chapter 3 Supplementary Data ............................................................................. 90 

4 CHAPTER 4: Abnormal developmental trajectories in guided 15q13.3del dorsal 

and ventral forebrain organoids converge on human-specific transcriptional 

dysregulation and abnormal circuitry......................................................................... 107 

4.1 15q13.3del dorsal forebrain organoids have broad transcriptional 

dysregulation and unique enrichment for pathways of DNA repair. .................. 107 

4.2 Migratory and cell adhesion pathways are disrupted in 15q13.3del ventral 

forebrain organoids. ............................................................................................ 111 

4.3 Summary ............................................................................................................. 114 

4.4 Comparison of common and divergent ventral forebrain genes across time 

shows the presence of unique migratory-associated genes at a later timepoint. . 114 

4.5 15q13.3 forebrain organoids converge on dysregulated cell adhesion pathways 115 

4.6 Inhibitory neurons in the 15q13.3 microdeletion fail to migrate in multiple 

genotype-lineage dorsal-ventral assembloid combinations. ............................... 116 

4.7 Summary ............................................................................................................. 118 

4.8 Chapter 4 Figures ................................................................................................ 119 

4.9 Chapter 4 Supplementary Data ........................................................................... 155 

5 CHAPTER 5: Discussion and future directions ......................................................... 164 

5.1 Persistent deficits in cell adhesion may underlie structural changes and 

alterations to cellular crosstalk............................................................................ 164 

5.2 Trajectory modules of excitatory and inhibitory neurons display inverse 

synaptic signaling trends. .................................................................................... 172 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xii  

 

5.3 Summary ............................................................................................................. 176 

5.4 Caveats to scRNA approaches in unguided models ........................................... 176 

5.5 Overview of 15q13.3del guided neural organoid phenotyping. ......................... 178 

5.6 Broad transcriptional dysregulation in dorsal forebrain organoid may be a 

product of DNA damage ..................................................................................... 179 

5.6.1 Excitatory neurons as a vulnerable cell type to genomic instability. ...... 182 

5.7 Persistent deficits in early neurogenesis may emerge from alterations in radial 

glial trajectories. .................................................................................................. 187 

5.8 Ventral forebrain tissue possesses unique disruptions in migration pathways 

and temporal shifts in axonal protein expression. ............................................... 189 

5.9 Dorsal and ventral forebrain organoids converge on transcriptional 

dysregulation at Chr19 and Chr5 ........................................................................ 193 

5.10 Caveats to organoid modeling. ........................................................................... 194 

5.11 Argument for cell autonomous migration deficits of 15q13.3del interneurons .. 196 

5.12 Morphology of migrated interneurons is influenced by genotype and lineage 

environment ........................................................................................................ 202 

5.13 Summary and applications to NDD phenotyping. .............................................. 205 

6 Future directions......................................................................................................... 207 

6.1 Exploring the mechanistic underpinnings to organoid growth and abnormal 

radial glia populations ......................................................................................... 207 

6.1.1 Validating inference-based analyses on cell communication and 

trajectory ................................................................................................. 208 

6.2 Assessing DNA instability and trinucleotide repeats using long read 

sequencing........................................................................................................... 209 

6.3 Determination of KLF13 binding sites and transcriptional interactors in neural 

tissue using chromatin immunoprecipitation sequencing (ChIP-Seq) ................ 211 

6.4 Spatial RNA sequencing as a means to add spatial resolution to migration 

dynamics ............................................................................................................. 211 

6.5 Functional validations to delays in neuronal maturation using calcium 

imaging, patch electrophysiology, and rabies tracing ......................................... 213 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xiii  

 

6.6 Identification of driver genes to 15q13.3 human-specific interneuron 

dysregulation using isogenic gene knock-out cell lines ...................................... 214 

7 References .................................................................................................................. 216 

 

  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xiv 

 

List of abbreviations and symbols 

2D        Two dimensional 

3D       Three dimensional  

5HT3aR      Ionotropic serotonin receptor 5HT3a 

ADHD Attention deficit hyperactivity 

disorder 

ARHGAP11B      Rho GTPase Activating Protein 11B  

ASD       Autism spectrum disorder  

bp       Base pairs  

BrdU       5-bromo-2'-deoxyuridine 

CAM       Cell adhesion molecule 

cDNA       Complimentary DNA  

ChIP-Seq      Chromatin immunoprecipitation  

sequencing  

CHRNA7                         Cholinergic receptor, nicotinic, alpha 7 

CNS       Central nervous system 

CNV       Copy number variant  

CR       Cajal-Retzius  

CRISPR Clustered Regularly Interspaced 

short Palindromic Repeats 

CUBIC Clear, Unobstructed Brain Imaging  

Cocktails and Computational 

Analysis 

Df(h15q13)/+      15q13.3 heterozygous mouse  

DNA       Deoxyribonucleic acid  

DD       Developmental delay 

DEG       Differentially expressed gene  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xv 

 

Dox       Doxycycline  

D-V       Dorsal-ventral  

ECM       Extracellular matrix  

EEG       Electroencephalography 

EIF3L       Eukaryotic Translation 

        Initiation Factor 3 Subunit L 

E/I       Excitatory/inhibitory  

ENCODE      Encyclopedia of DNA Elements 

ES       Enrichment score  

ESC       Embryonic stem cell  

ExN       Excitatory neuron 

ExM       Excitatory mature neuron 

FAN1  FANCD2 and FANCI associated 

nuclease 1 

FDR       False discovery rate 

FMR1       Fragile X mental retardation 1 

GABA       Gamma-aminobutyric acid 

GEM       Gel bead in emulsion 

GNO       Guided neural organoid 

GO       Gene ontology  

GWAS       Genome wide association studies  

HET       Heterozygous 

Hind       Hindbrain 

ICC       Immunocytochemistry 

ID       Intellectual disability  

IHC       Immunohistochemistry  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xvi 

 

IP       Intermediate progenitor  

iPSC       Induced pluripotent stem cell 

KD       Knockdown  

KLF13       KLF Transcription factor 13  

KO       Knockout  

Mid       Midbrain 

MRI       Magnetic resonance imaging  

mRNA       Messenger RNA 

NAHR Non-allelic homologous  

recombination  

NDD       Neurodevelopmental disorder 

NGS       Next generation sequencing  

Non-tel      Non-telencephalic  

NPC       Neural progenitor cell 

OCT       Optimal cutting temperature 

oRG       Outer radial glia  

oSVZ       Outer subventricular zone  

OTUD7A      OTU deubiquitinase 7A 

pAdj       Adjusted p value 

PAM       Positive allosteric modulator  

PBS/-T Phosphate buffered saline/ 

-Supplemented with Tween-20 

PCA       Principal component analysis 

PFA       Paraformaldehyde  

PNS       Peripheral nervous system 

PV       Parvalbumin 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xvii  

 

RGC       Radial glia cell 

RI       Refractive index  

RIN       RNA integrity number  

RNA       Ribonucleic acid  

scATAC Seq Single cell sequencing assay  

for transposase-accessible chromatin  

RNA sequencing  

scRNA Seq      Single cell RNA sequencing  

SCZ       Schizophrenia 

SFARI Simons Foundation Autism  

Research Initiative 

Shh       Sonic Hedgehog  

SNP       Single nucleotide polymorphism 

SNV       Single nucleotide variant 

SST       Somatostatin  

STRING Search Tool for the Retrieval  

of Interacting Genes 

SVZ       Subventricular zone 

TRPM1 Transient receptor potential cation  

channel subfamily M member 1 

UNO       Unguided neural organoid  

UMI       Unique molecular identifier  

VIP       Vasoactive Intestinal Peptide  

VZ       Ventricular zone 

Wnt       Wingless-related integration site 

WT       Wild-type 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xviii  

 

List of Tables  

TABLE 1: Clinical presentations and background of patients heterozygous for the 

15q13.3 microdeletion. ......................................................................................................31 

TABLE 2: List of antibodies used in this project. ............................................................36 

TABLE 3: Ranked list of cell type-specific pseudotemporal changes in 15q13.3 D120 

UNOs.. ...............................................................................................................................55 

TABLE 4  Top 25 downregulated genes in dorsal forebrain bulk RNA sequencing (Day 

50 Timepoint) ..................................................................................................................128 

TABLE 5: Top 25 downregulated genes in dorsal forebrain bulk RNA sequencing (Day 

100 Timepoint).................................................................................................................129 

TABLE 6: Top 25 downregulated genes in ventral forebrain bulk RNA sequencing (Day 

50 Timepoint) ..................................................................................................................138 

TABLE 7 : Top 25 downregulated genes in ventral forebrain bulk RNA sequencing (Day 

100 Timepoint).................................................................................................................141 

TABLE 8:  List of genes shared between dorsal forebrain organoid dataset with pAdj 

<0.05 and genes identified in the Uddin and Unda et al., 2018 Df(h15q13)/+ time course 

study)................................................................................................................................180 

 

SUPPLEMENTARY TABLE 1: Population cell counts in Day 40 UNO scRNA Seq. .66 

SUPPLEMENTARY TABLE 2 :  Population cell counts in Day 120 UNO scRNA Seq.  

............................................................................................................................................75 

 

 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xix 

 

List of Figures 

CHAPTER 1 

FIGURE 1: Genomic breakpoints of the 15q13.3 microdeletion locus. 

FIGURE 2: Structural comparison of rodent and human cortices. 

FIGURE 3: Mapping neurodevelopmental trajectories of human neural organoids to fetal 

development. 

FIGURE 4: Project overview. 

CHAPTER 3 

FIGURE 5: 15q13.3 unguided neural organoids display size differences and reductions 

in cell density that are not due to proliferation changes at one month of growth. 

FIGURE. 6: Pipeline schematic for processing and analyzing single cell RNA 

sequencing form unguided neural organoids. 

FIGURE 7: Immature unguided neural organoids display an increase in radial glia 

populations and size increases in their rosette structures.  

FIGURE 8: Mature unguided neural organoids produce diverse neural populations that 

express the 15q13.3 genes. 

FIGURE 9: CellChat analysis predicts global deficits in cell-cell communication in 

mature 15q13.3del unguided neural organoids. 

FIGURE 10: Deficits in cell adhesion pathways and communication are predicted in 

aggregate and in a cell type specific manner.  

FIGURE 11: Mature unguided neural organoids have global changes in pseudotemporal 

trajectories.  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xx 

 

FIGURE 12: Excitatory mature neurons have enrichment for synaptic signaling gene 

modules. 

FIGURE 13: GABAergic transmission modules are disrupted in 15q13.3del inhibitory 

neuron populations. 

FIGURE 14: Validation of scRNA Seq DEG and OTUD7A interactor, ANK3.  

SUPPLEMENTARY . FIGURE 1: Validation of iPSC reprogramming and cellular 

pluripotency.  

SUPPLEMENTARY  FIGURE 2: Unguided neural organoid scRNA sequencing at the 

day 40 timepoint passes in house quality control measures.  

SUPPLEMENTARY  FIGURE 3: Unguided neural organoid scRNA sequencing at the 

day 120 timepoint passes in house quality control measures. 

SUPPLEMENTARY FIGURE 4: 15q13.3del 2D neurogenin-2 (NGN2) neurons show 

reduced axon projection capacity. 

SUPPLEMENTARY FIGURE 5: Nectin signaling network expression in 15q13.3del 

UNOs.  

SUPPLEMENTARY FIGURE 6: Visualization of predicted cell type emergence shows 

progenitor to mature neuron trajectory (Beeswarm plot). 

SUPPLEMENTARY FIGURE 7: Pseudotime trajectory analysis predicts disruptions in 

multiple cell type emergence.   

  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xxi 

 

 CHAPTER 4 

FIGURE 12: Pipeline schematic for processing and analyzing bulk RNA sequencing 

from forebrain guided neural organoids.  

FIGURE 13: 15q13.3del ventral but not dorsal forebrain organoids recapitulate size 

increase seen in unguided neural organoids. 

FIGURE 14: Summary of guided dorsal forebrain organoid bulk RNA sequencing 

results from the entire 15q13.3del cohort.  

FIGURE 15: Immature 15q13.3del dorsal forebrain organoids show transcriptional 

dysregulation and reductions in TBR1+ newborn neurons.  

FIGURE 16: Changes in transcriptional regulation and DNA processing persist in 

mature 15q13.3del dorsal forebrain organoids.  

FIGURE 17: 15q13.3del dorsal forebrain organoids converge on a downregulated gene 

set enrichment for krɦppel-domain zinc finger proteins (KZNFs) on chromosome 19.  

FIGURE 18: KZNF ZNF558 is a top downregulated gene in 15q13.3del dorsal forebrain 

organoids and has putative binding sites for KLF13. 

FIGURE 19: Summary of guided dorsal forebrain organoid bulk RNA sequencing 

results from the entire 15q13.3del cohort.  

FIGURE 20: 15q13.3 immature ventral forebrain organoids show disruptions in 

migratory signaling pathways and reductions in interneuron marker SST.  

FIGURE 21: Neuron-specific signaling pathways are reduced in 15q13.3del mature 

ventral forebrain organoids.  

FIGURE 22: 15q13.3del ventral forebrain organoids share enrichment for krüppel-

domain zinc finger proteins on chromosome 19. 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

xxii  

 

FIGURE 23: Cell migration disruptions are enriched in shared D50/D100 DEGs as well 

as D100-unique genes.  

FIGURE 24: Shared forebrain organoid DEGs converge on genes relating to cell 

adhesion.   

FIGURE 25: Dorsal-ventral forebrain assembloid pipeline.  

FIGURE 26: 15q13.3del forebrain interneurons show deficits in neuron migration.  

FIGURE 27: Morphological abnormalities in 15q13.3 ventral forebrain interneurons.  

SUPPLEMENTARY  FIGURE 8: Dorsal forebrain organoid bulk RNA sequencing 

passes in house quality control measures.  

SUPPLEMENTARY  FIGURE 9: 15q13.3 gene mRNA expression in dorsal forebrain 

organoid tissue across time.  

SUPPLEMENTARY  Figure 10: Enriched zing finger proteins do not converge on 

known biological pathways. 

SUPPLEMENTARY  FIGURE 11: Ventral forebrain organoid bulk RNA sequencing 

passes in house quality control measures.  

SUPPLEMENTARY  FIGURE 12: 15q13.3 mRNA expression in ventral forebrain 

organoid tissue across time.  

SUPPLEMENTARY  FIGURE 13: Cerebral-cerebral assembloids do not produce 

migrating neurons detectable with light sheet microscopy. 

 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

1 

 

1 CHAPTER 1: INTRODUCTION 

1.1 Neurodevelopment 

The development of the human brain is a protracted process that begins within the 

third week of gestation and extends postnatally into adulthood. The neural plate 

represents the first neural structure formed in an embryo, and during neurulation it will  

fold into the neural tube and later give rise to the central and peripheral nervous systems 

(CNS and PNS, respectively).1 As the neural tube closes, discrete regionalization occurs 

along the anterior-posterior axis to form brain regions such as the forebrain, midbrain, 

and hindbrain, which can be further divided within their dorsal-ventral compartments. 

These regions are produced by gradients of signaling molecules and patterning factors 

that drive neural fate and cell-type specification.2,3 

1.1.1 Neurogenesis 

Prior to neurogenesis, the neural tube is lined with a single layer of 

neuroepithelial cells, which later give rise to neural stem cells (NSCs), neural progenitor 

cells (NPCs), and finally the neurons and glia that populate the adult brain. First, NSCs 

rapidly undergo cellular division and expansion to form the tightly packed ventricular 

zones. Many of the cells take on an elongated radial morphology and are known as radial 

glia cells (RGCs).4,5 RGCs accumulate in the ventricular zone (VZ) of the of the 

developing embryo, which is located above the fluid-filled ventricular systems of the 

neural tube. RGCs within the VZ divide asymmetrically to produce one radial glia 

daughter cell and either an intermediate neural progenitor (INP) cell type, or a neuron 

directly. Just above the VZ lies the subventricular zone (SVZ), which contains mostly 

INPs that also produce newborn neurons. Lastly, the outer subventricular zone (oSVZ) is 
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a primate-specific region that lies above the SVZ and greatly contributes towards primate 

(and specifically human) cortical expansion.6 These ventricular zones produce primarily 

excitatory neurons; however, recent studies have suggested that a small subpopulation of 

inhibitory neurons are derived from cortical progenitors in early human development.7 It 

should be noted that multiple proliferative or germinal zones exist outside of the cerebral 

cortex, including the ganglionic eminences of the forebrain, which produce inhibitory 

neurons that later migrate into the cortex to participate in neural circuitry.5,8   

1.1.2 Neuronal migration  

Before neurons can fully mature, they must first reach their final destination in the 

brain. The cerebral cortex is arranged in six layers and is occupied by distinct cell types 

unique to each layer. These cell types can broadly be classified as either excitatory 

pyramidal cells, originating from the cortical ventricular zone, or inhibitory neurons, 

which emerge later from the ganglionic eminences of the ventral telencephalon and 

migrate great distances to reach the cortex.9  

Cortical excitatory migration occurs radially and is facilitated by radial glia 

progenitors that provide a scaffold from the base of the ventricular zone to the upper pial 

surface, which newborn neurons can travel along to their intended cortical layer. The 

lamination of the cortex occurs in an inside-out fashion, with the lower layers produced 

first, followed by upper layers. In this way, the older neurons can influence the migratory 

paths of newborn neurons through synaptic interactions and secretion of signaling factors, 

an example being the Reelin-emitting Cajal-Retzius cells that help guide later-born 

projection neurons in the cortex.10 The older neurons also participate in subcortical circuit 
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development by extending centimeters-long neuronal projections that interact with brain 

regions such as the thalamus and brain stem.   

In contrast to the excitatory neurons, cortical inhibitory interneurons emerge from 

the ganglionic eminences in the subpalium (below the cortex and in the ventral forebrain) 

and undergo tangential migration until an intermediate target is identified below the 

preplate; after which they switch to radial migration that is perpendicular to the cortical 

plate and guided by radial glia.9,11 Here, they integrate within specific cortical layers to 

regulate the excitatory/inhibitory (E/I) balance of nearby circuitry through the release of 

inhibitory neurotransmitters such as gamma-aminobutyric acid (GABA). Most cortical 

inhibitory neurons are GABAergic and can be further classified based on the expression 

of cellularly-distinct genes such as: somatostatin (SST), parvalbumin (PV), and 

ionotropic serotonin receptor 5HT3a (5HT3aR). Further subclassifications of interneuron 

cell types are based on cellular morphology, firing patterns, and the cortical layers that 

they are located in. Neuron migration is reliant on multiple signaling molecules, cell 

types, adhesion molecules, cytoskeletal components, and scaffolding elements to ensure 

specific neural cell types are directed to proper brain regions. 

Chemoattractants such as netrins,12 neurotrophins, semaphorins, and Slit 

proteins13ï15 have all been implicated in facilitating NPC and neuron migration in the 

developing brain, often working with morphogens such as Sonic hedgehog (Shh) to 

provide a gradient of signaling cues for axonal pathfinding and cell migration. Motogenic 

factors such as Reelin can also stimulate a neuron into a migratory state and are released 

in a cell-type specific manner.10 Some chemoattractants like netrins also have adhesive 

properties and act as cell adhesion molecules (CAMs) that allow migrating cells to 
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connect to various scaffolding and extracellular matrix (ECM) elements, in addition to 

providing proper pathfinding for the migratory route. Deficits in any of these processes 

can lead to failure in cellular motility and navigation, ultimately resulting in disruptions 

in the intended circuitry between cell types.  

1.2 Neurodevelopmental disorders (NDDs) 

Neurodevelopmental disorders are a heterogeneous group of disorders that arise from 

disruptions in the early developing brain. Individuals with NDDs include those with 

autism spectrum disorder (ASD), epilepsy, intellectual disability (ID), attention deficit 

hyperactivity disorder (ADHD), and schizophrenia (SCZ), of which many individuals 

have overlapping symptomatology or comorbidities.16ï18  The global prevalence of these 

NDDs has increased over the years,19ï22 which can largely be attributed to improvements 

in clinical diagnostics and more precise inclusion criteria.23ï25 Despite these 

improvements, the underlying pathobiology and mechanisms for these disorders remain 

unknown. NDD risk factors can occur prenatally, perinatally, and postnatally to include 

genetic perturbations and environmental insults, all of which can occur individually, or 

more likely, synergistically.  

1.2.1 Autism spectrum disorder 

Autism spectrum disorder (ASD) was first identified in 1925, when it was first 

described as a form of childhood schizophrenia. The initial diagnostic criteria included 

impairments in social interactions and repetitive and restricted behaviours and has since 

evolved to include impairments in sensory processing and responses to environmental 

stimuli. Changes in diagnostic methods have improved the accuracy of diagnoses and 
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have likely contributed to the increase in prevalence over the years. Clinical presentations 

of those with ASD vary widely, ranging from non-verbal individuals to mild intellectual 

impairments. The complexity of the disorder is furthered by the number of comorbidities, 

including epilepsy and seizure disorders (up to 30%),26 intellectual disability (over 30%), 

ADHD (48%),27 gastrointestinal disorders (9-9%), 28 anxiety (over 25%) and depression 

(%20-30).29   

1.2.2 Epilepsy  

Epilepsy and related seizure disorders are chronic neurological disorders that 

impact as many as 50 million individuals globally.30 Seizures describe changes to 

neurological and/or bodily functions resulting from excessive and hypersynchronous 

neural activity; epilepsy is then a condition with recurrent, unprovoked seizures, and can 

be classified based on the category of seizure. Seizures are broadly classified into three 

groups based on the coverage of brain regions affected at the onset of the seizure: 

generalized (affecting regions across hemispheres) focal (formerly called partial,31 

affecting only a region of the brain), and epilepsies with unknown onset. Generalized 

seizures can be further subclassified based on the external presentation of the seizure, and 

include absence, tonic-clonic, myoclonic, and atonic generalized onset seizures. Absence 

seizures (formerly ñpetit malò) often affect children and are typically brief experiences of 

altered consciousness and staring episodes, which can go unnoticed by the individual 

experiencing the seizure.31,32 Roughly 70% of epilepsies can be treated with 

pharmacological intervention, while the remaining population is considered refractory to 

antiepileptic medication and may require surgical intervention.32 Clinical assessments 
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must therefore be rigorous and explore the etiology from a structural and genetic 

perspective for effective treatments.  

1.3 Genetics of NDDs 

The above descriptions of just two neurodevelopmental disorders can make one 

appreciate the phenotypic diversity and clinical heterogeneity of NDDs. The high 

occurrence of comorbidities between NDDs, however, suggests a mechanistic overlap 

that is likely present at the genomic level. Indeed, large scale sequencing studies and 

consortia have identified causative genes and overlapping molecular processes to be 

implicated in these disorders,33,34 including synaptic pathways and gene regulatory 

networks. The over-abundance of implicated NDD risk genes calls for more sophisticated 

interpretations of the data, which benefit from pairing multiomic (genome, transcriptome, 

epigenome, and proteome) and computational approaches (predictive modeling) to better 

elucidate convergent pathways and underlying disease pathobiology. 35  

1.3.1 Rare inherited and de novo variants.  

Twin studies were the first indicator of a genetic component in NDDs,36ï40 with 

heritability estimates of roughly 80% (ASD),41 64-81% (SCZ)42ï44 and roughly 30% 

(epilepsy).45 Clinical karyotyping, chromosomal microarrays, and genome wide 

association studies (GWAS) have since identified a number of critical genes and genomic 

hotspots that are enriched in NDD populations; however, the heterogeneous nature and 

incomplete penetrance of many of these risk genes suggest that monogenic forms of 

NDDs are quite rare. Instead, NDDs are more likely polygenic, arising from a 

combination of common, rare-inherited, or de novo variants of the disease-associated 
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genes. Common genetic variants are present in over one percent of the human population 

and affect genes with individually small effect sizes. Variants in these genes typically 

take the form of single nucleotide variants/polymorphisms (SNVs/SNPs) and do not face 

selective pressure in part because they have a low mutational burden,46,47 whereas rare 

variants display more Mendelian patterns of disease inheritance and include more 

vulnerable genes with a high mutational burden.48ï51 Both rare and common variants can 

be inherited, whereas de novo variants occur in the germline and are specific to the 

individual. De novo variants are often the most penetrant in NDD populations, as they 

have a high degree of selective pressure,48 however, they represent roughly two percent 

of variance liability of NDDs like ASD,52 suggesting that inherited mutations are more 

common. Outside of SNPs, genomic variations can include structural variants such as 

copy number variants (CNVs), 34,53ï56 of which a greater burden of de novo events is 

observed in NDD populations such as individuals with ASD.57   

1.3.2 Copy number variants (CNVs). 

Copy number variations are insertions and deletions of contiguous genomic 

content that range from 50 bp ï 3 Mb in size58 and result in a change in the number of 

copies in a DNA sequence. Similar structural variations can also include inversions, 

which do not change copy number of a genomic region, large tandem repeats, which 

contain repetitive segments of roughly 50 bp, and retrotransposon insertions. It is 

estimated that 4.8-9.5% of the human genome contributes towards CNVs,59 and that 

nucleotide content of CNVs per genome exceeds SNVs in global populations, suggesting 

the evolutionary role of CNVs.60 Population studies such as The 1000 Genomes Project 

have identified structural variation differences between geographically distinct human 
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populations, suggesting either a genetic drift or evolutionary advantage of CNVs to novel 

environments.61 CNVs are formed through misalignment of highly repetitive sequences 

called segmental duplications during homologous recombination. Expansion of 

segmental duplications can be traced to a period of early neocortical expansion in our 

hominid ancestors,62,63 and due to the evolutionary role of these regions, disruptions in 

their copy number are often associated with NDDs in a pleiotropic manner i.e., one CNV 

may confer risk to multiple NDDs. Over 20 NDD-pathogenic CNVs have been identified 

within the last two decades and can be either inherited or generated de novo.64,65 

Generally, NDD-pathogenic CNVs pose a greater disease risk or odds ratio (OR) than 

common genetic variants by a factor of 10-100,66,67 in part because of the multiple genes 

that can be disrupted within a single CNV. Despite the strong pathogenicity of CNVs, 

there is still incomplete penetrance, suggesting that other polygenic or environmental 

factors influence neurodevelopmental disorders.50,68  

1.3.3 The 15q13.3 Microdeletion syndrome. 

  The long arm of chromosome 15 is one of the least stable regions of the human 

genome and is highly susceptible to CNVs, such as the 15q13.3 microdeletion 

(chr15:30,910,306ï32,445,407).69 While duplications occur with a higher frequency, 

deletions are more highly associated with NDDs and are classified as a major genetic risk 

factor for epilepsy (idiopathic generalized epilepsy, accounting for > 1% of epilepsy 

cases, odds ratio of 6870,71), SCZ (odds ratio of 11), ASD (less common and amongst 10-

30% of individuals) and intellectual disability (roughly 50%).66,72 The instability of the 

region is in part due to the presence of many low copy repeats clustering into segmental 

duplications of the GOLGA gene, which arose during a human-specific expansion 
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roughly 0.5-0.9 million years ago.68,70,73,74 The GOLGA repeats are mapped to each of the 

seven ñbreak pointsò within the region, of which different combinations can result in the 

deletion of 1.5-2 Mb of genomic content (Fig. 1). Deletions typically present as 

heterozygous, although homozygous mutations have been reported in roughly 3% of 

15q13.3 microdeletion cases and include more severe neurodevelopmental impairments 

including neonatal encephalopathy.75,76 This NDD-pathogenic CNV is referred to as the 

15q13.3 microdeletion syndrome, a heterogeneous group of disorders ranging from 

epilepsy, ASD, ID, ADHD, and schizophrenia.74,77ï79 The complexity of these clinical 

presentations has made treatment difficult, often targeting the core symptoms rather than 

the underlying etiology of the disorder.  
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Schematic diagram showing the location of the human 15q13.3 locus and affected genes 

within breakpoints (BP) 3-5 highlighted in green or red to show duplications and 

deletions, respectively. Adapted from Ziats et al., Genetics in Medicine 2016.80   

 

 

 

Figure 1: Genomic breakpoints of the 15q13.3 locus. 
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To delineate the pathophysiology of the disorder, researchers have sought to identify so 

called ñdriver genesò within deletions that contribute strongly to disease phenotypes, with 

multiple candidates emerging over the years. Within the deletion locus are several 

protein-coding genes, including: ARHGAP11B, TRPM1, FAN1, KLF13, MTMR10, 

OTUD7A, CHRNA7, as well one micro-RNA, microRNA-211, and two putative 

pseudogenes, LOC100288637 and LOC283710. Of these genes, nested deletions have 

been reported to encompass only CHRNA7 and OTUD7A and have influenced their 

candidacy as driver genes underlying the 15q13.3 microdeletion syndrome.   

1.3.3.1 CHRNA7  

CHRNA7 was first established as a putative driver gene due to its role in 

mediating synaptic transmission and potential contribution to the epileptic presentations 

in 1513.3del patients. The gene encodes the Ŭ7 nicotinic acetylcholine receptor (nAChR), 

a ligand-gated ion channel that is stimulated by acetylcholine (and choline prenatally) to 

result in the flux of sodium, calcium, and potassium cations. The resulting membrane 

depolarization activates voltage-dependent calcium channels to induce calcium release 

from organelles such as the endoplasmic reticulum.81 Ŭ7 nAChRs are located pre-, post-, 

and extra-synaptically, and depending on the cell type expression they can facilitate the 

release of neurotransmitters such as glutamate, GABA, acetylcholine, and dopamine. 

CHRNA7 variants have been identified in NDD populations such as ASD, epilepsy, 

ADHD, Rett Syndrome, and schizophrenia, as well as in neuropsychiatric disorders 

(namely bipolar disorder) and neurodegenerative disorders (Alzheimerôs disease). 

Importantly, treatment with Ŭ7 nAChR agonists and positive allosteric modulators 

(PAMs) have been shown to have clinically relevant improvements in NDD populations, 
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including increases in cognition and reductions in negative symptoms in schizophrenic 

populations.82,83 

Recent evolutionary expansion of the CHRNA7 gene has resulted in partial 

duplication and insertion of exons 5-10 into a region 1.6 Mb upstream, causing the 

interruption of two other genes. The fusion gene product, CHRFAM7A, participates in Ŭ7 

subunit assembly to negatively regulate channel function. This fusion gene product and 

regulation of CHRNA7 is a human-specific event and cannot be recapitulated in other 

mammalian models, which may underly the mild synaptic and absent behavioural 

abnormalities seen in Chrna7 KO mice. In addition, studies have shown that RIC3, a 

chaperone required for biogenesis and trafficking of a7 nAChRs, functions differently in 

human vs. mouse models; only the latter appears to be affected CHRNA7 concentration-

dependent, further suggesting human-specific properties of CHRNA7 function.84   

1.3.3.2 OTUD7A  

OTUD7A (OTU deubiquitinase 7A) is a deubiquitinating enzyme from the 

ovarian tumour protein family whose expression is limited to the brain and testis. Of all 

the genes in the 15q13.3 locus, OTUD7A exclusively possesses brain-critical exons, and 

is least tolerant to loss of function mutations.56 OTUD7A has more recently been 

proposed as a driver of the 15q13.3 deletion, with previous work in our own lab 

demonstrating its ability to regulate and rescue the dendritic spine and neurite deficits 

seen in human and mouse models of the deletion.56,85 Multiple publications have shown 

that ASD- and SCZ-associated variants in OTUD7A likewise produce dendritic spine 

deficits, indicating its broad role in NDDs. Despite this, the neural function of OTUD7A 

is not fully characterized. Proximity proteomics revealed localization of OTUD7A in the 
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dendritic spines and axons of glutamatergic mouse neurons, as well as interactions with a 

key regulator of the axon initial segment, Ankyrin G (ANK3/AnkG).85 Molecular studies 

in Otud7a KO mice have been shown to recapitulate the dendritic abnormalities as well 

as behavioural deficits of 15q13.3 mouse (Df(h15q13)/+) and human models, suggesting 

its candidacy as a primary driver gene for the deletion.  

1.3.3.3 KLF13 

KLF13 encodes a Krüppel-domain zinc finger (ZnF) transcription factor that 

targets GC-rich sites and CACCC boxes in the genome.86,87 KLF13 function is best 

characterized in the heart, where it serves as a transcriptional activator of many genes 

essential for cardiac differentiation and morphogenesis. KLF13 variants are associated 

with congenial heart defects with considerable penetrance,88ï91 and KD of the protein in 

Xenopus models have major heart malformations.  

Outside of the heart, KLF13 is one of the few 15q13.3 genes expressed in the fetal 

mouse ganglionic eminence, where it has been shown to play a role in mediating the 

proliferation of CGE and MGE-derived interneuron precursors.92 Using mouse 

hippocampal primary neurons and CRISPR-edited human cell lines, KLF13 has also been 

identified as a mediator of NPC proliferation, axonogenesis, and transcriptional 

regulation of the JAK/STAT pathway.93ï95 Amongst oligodendrocytes, KLF13 interacts 

with another Krüppel-domain transcription factor, KLF9, to activate known 

oligodendrocyte-specific regulatory domains and drive the differentiation and 

myelination of primary oligodendroglial cultures. This is supported by a reduction in 

myelin gene expression in early KLF13-deficient mouse pups. Despite these findings, the 

broad function of KLF13 in the brain has yet to be assessed and is known to change on a 
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cell-type and developmental timepoint specific basis. The dynamic nature of this 

transcription factor calls for a more detailed assessment of its role in the brain.96  

1.3.3.4 FAN1 

Fanconi-associated nuclease 1, or FAN1, encodes a DNA repair enzyme that helps 

preserve DNA stability in the CNS and in multiple peripheral tissues. The enzymatic 

activity of FAN1 is quite broad, as it contains both exo- and endonuclease activity to 

target DNA structures that occur as intermediates during DNA repair, including 

displacement-loops (D-loops) during homologous recombination (HR) and 5ô flap branch 

structures during interstrand crosslinking (ICL).97,98 These structures can form in 

response to DNA damage, and their prolonged presence can stall replication forks and 

hinder DNA repair. FAN1 therefore functions to cleave these structures to promote 

replication fork recovery and enable repair to continue. This role is particularly evident in 

FAN1 knockdown (KD) studies, which show an increased sensitivity to drugs that induce 

ICL and DNA damage, as well as mild chromosomal instability.97,99 

The contributions of FAN1 to neurodevelopment have only recently been made 

apparent. Exome sequencing of NDD populations have identified FAN1 as a risk gene for 

ASD and SCZ,100ï102 and more recently for repeat expansion diseases like Huntingtonôs 

Disease and Fragile X.103,104 FAN1ôs ability to slow repeat progression suggests it may 

have other unexplored roles in disease pathology.  
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1.3.3.5 TRPM1  

TRPM1 is a visual transduction ion channel that is part of the melanoma-related 

transient receptor potential (TRPM) subfamily. Protein expression is highly enriched in 

the retina, and it may play a role in melanin synthesis in melanocytes. Mutations in 

TRPM1 are associated with an autosomal recessive form of complete congenital 

stationary night blindness, supporting the role of TRPM1 as a driver gene behind the 

visual impairments seen in homozygous 15q13.3del patients.  

1.3.3.6 ARHGAP11B 

ARHGAP11B encodes the human-specific protein Rho GTPase Activating Protein 

11B, which emerged through partial duplication of the ARHGAP11A gene during early 

hominid evolution. The emergence of ARHGAP11B is thought to coincide with early 

neocortical expansion in human evolution, and indeed expression of the protein increases 

cortical size and folding in mouse and marmoset models,105 whereas loss of 

ARHGAP11B in a human neural model results in reductions in basal radial glia 

populations.106 ARHGAP11B is highly localized to the mitochondria, and its regulation 

of basal progenitor cells appears to be conditional upon the breakdown of glutamine to 

glutamate (glutaminolysis).107,108 

1.3.3.7 Arguments for using human models to study the 15q13.3 
microdeletion syndrome. 

The expansion of the human neocortex marks an evolutionary divergence that 

occurred between 7-9 million years ago and has resulted in a threefold increase in brain 

size and a two-fold increase in total neuron populations, relative to that of the 

chimpanzee.109,110 This increase in size is attributed to an increase in NPC proliferation 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

16 

 

including the outer radial glial (oRG) present in the outer subventricular zone. oRGs are 

enriched in higher order primates and are thought to influence cerebral cortex size and 

folding (Fig. 2). 111 As mentioned previously, the proliferation of these cells is heavily 

influenced by the human-specific 15q13.3 gene, ARHGAP11B, and both this cell type 

and gene are completely absent in the murine model (Df(h15q13)/+) traditionally used to 

study the 15q13.3 microdeletion syndrome. The formation of the CNV itself relies on 

human-specific expansion of GOLG8 repeats, creating incredibly complex genomic 

architecture that is not captured in the isogenic deletion model targeting mouse 

chromosome 5.68,70,73,74 Indeed, Df(h15q13)/+ mice lack human/primate specific cell 

types (oRGs, primate-specific neuron types in deep layers IV110) and also do not mimic 

the unique and variable CNV size and composition that contribute towards the NDD 

heterogeneity. Human models therefore offer a unique opportunity to study the 

microdeletion while still retaining the unique (albeit heterogeneous) changes in genomic 

architecture caused by the CNV. 

 

Figure 2: Structural comparison of rodent and human cortices. 
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1.4 Tools and limitations to studying NDDs. 

1.4.1 Mouse models of NDDs. 
 

Murine models are one of the first established mammalian models to study 

neurodevelopment and its disorders. Orthologous or syntenic regions can be manipulated 

in the mouse genome to provide a reliable, isogenic background to study various genetic 

abnormalities, which can then be assessed throughout mouse development. An early 

example is the Fmr1 KO mouse, which was generated over 25 years ago to possess a 

deletion in the Fmr1 gene to model Fragile X syndrome, a monogenic form of intellectual 

disability commonly associated with ASD. Using this model, researchers were able to 

shed light on sensory processing abnormalities that are found both in the mouse and 

human, which are now a diagnostic tool for diagnosing ASD.112,113 CNVs have also been 

modeled in the mouse background to study the polygenic contribution of genes in vivo, 

and include 16p11.2 deletions, 15q13.3 microdeletions (Df(h15q13)/+), and the 22q11.2 

microdeletion.  

1.4.2 The Df(h15q13)/+ mouse model.  

The ability to study CNVs in a living system allows researchers to investigate 

molecular, behavioural, and neurophysiological abnormalities throughout development. 

The Df(h15q13)/+ mouse is a genetic model of the 15q13.3 microdeletion with the 

orthologous deletion at chromosome 7qC and has been studied extensively at postnatal 

periods of development.56,114,115 These mice recapitulate epileptic presentations found in 

patient cohorts, showing an increased propensity for myoclonic and absence seizures, and 
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a decrease in clonic and tonic seizures during acute seizure assays. Abnormal neural 

activity has also been reported within specific brain regions including the hippocampus 

and the cerebral cortex116,117. Population-wide functional assays in 2D cortical cultures 

have also demonstrated reductions in spontaneous neural activity and bursting patterns, 

further indicating disruptions to neural circuitry.118  

Changes in the proportions and morphology of multiple cell types have been 

identified in the Df(h15q13)/+ mouse, including reductions in PV+ interneurons in layers 

2/3 of the somatosensory cortex,119 and reductions of astrocytes in the medial prefrontal 

cortex.117 While no proportion changes have been characterized in cortical excitatory 

neurons, there have been persistent reductions in their dendritic spine density and 

maturation morphology across multiple independent studies.56,117,118 

1.4.3 iPSC and organoid modeling of NDDs. 

For years, our understanding of NDDs was limited by inaccessibility of neural 

tissue at relevant periods of neurodevelopment, which has led to a poor understanding of 

the pathobiology of many of these disorders and in turn, inadequate treatment. 

Advancements in human disease modeling have led to the creation of induced pluripotent 

stem cells (iPSCs), which can be generated from somatic patient cells, typically blood or 

fibroblasts, and subsequently differentiated into complex cell types that include neural 

tissue.120 The retention of genetic background in patient lines enables researchers to 

assess for patient- and NDD- specific mechanisms in a disorder, and when powered by a 

clinical cohort of individuals with the same genetic abnormalities, can provide insight in 

how these mechanisms can be explored for therapeutic treatment.  
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1.4.3.1 Human models of the 15q13.3 microdeletion syndrome 

Presently, there are three studies that have characterized the 15q13.3 

microdeletion in a patient background. Two of these studies utilized the NGN2-

overexpression system, 118,121 which produces a homogeneous population of 

glutamatergic-like excitatory neurons through overexpression of the transcription factor 

Neurogenin-2 (NGN2). In contrast, the third study examined NPCs derived from both 

deletion and duplication patients using a dual-SMAD inhibition protocol122. NPCs from 

both deletion and duplication patients were found to have a decrease in CHRNA7-

mediated calcium flux, a measure of synaptic activity and intracellular signaling. The 

authors went on to show a significant decrease in CHRNA7-specific chaperoning 

proteins amongst the 15q13.3del NPCs, whereas the duplication lines showed the 

opposite trend.122  

Activity has since been assessed in mature NGN2 neurons, where our team 

demonstrated abnormal population-level spontaneous activity using multielectrode array 

recording across time. We also characterized morphological irregularities in these cells, 

where we found reductions in dendritic arborization, disruptions to the nanodomain 

organization of the axon initial segment (AIS), and I identified deficits in axon projection 

capacities amongst three 15q13.3del families.118 The final and most recent assessment of 

15q13.3del NGN2 neurons includes an impressive bulk RNA, methylation, and ATAC 

sequencing experiment on 15q13.3 neurons (all omics) and of isogenic 15q13.3 gene KO 

lines for FAN1, KLF13, OTUD7A, and MTMR10 (bulk transcriptomics only). In this 

study they identified differential methylation of a protocadherin encoding region on 

chromosome 5, broad changes in chromatin accessibility, and increased DNA damage, 
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which they validated by showing an increased sensitivity to cisplatin-induced DNA 

damage.121 

1.4.3.2 Organoids as a model system for neurodevelopment 

iPSCs can also be used to create brain organoids, which are self-organizing 3D 

neural structures comprising stem cells, NPCs, and terminally differentiated neurons 

capable of modeling early periods human neurodevelopment. Gene co-expression 

analyses have shown a high degree of similarity between neural organoids and fetal brain 

tissue, producing transcriptional programs similar to post-conception weeks 9-35.123ï129 

For this reason, brain organoids offer unprecedented access to study human 

neurodevelopmental processes such as neurogenesis, cellular differentiation, and circuit 

integration in a 3D context.  

Brain organoids are classified based on the directedness of differentiation, either 

as unguided neural organoids (UNOs, formerly known as ñcerebralò organoids), or 

guided neural organoids (GNOs),130 which are directed towards brain-region specific 

lineages.131 UNOs spontaneously differentiate into multiple regions of the developing 

telencephalon, expressing markers for forebrain, midbrain, hindbrain, hippocampal, 

choroid plexus, meningeal, and retinal cell identities. This differentiation is achieved 

through intrinsic signaling and is preceded by the formation of NPC-rich rosette 

structures reminiscent of the human cortical ventricular zone. Newborn neurons will 

emerge from the rosettes and migrate outwards to form laminar structures reminiscent of 

the developing cortex. After 2.5 months of growth. the resulting postmitotic neurons are 

mostly excitatory (roughly 50%), but that percentage decreases in half by 4 months, 

where subpopulations of include inhibitory neurons, astrocytes, oligodendrocytes, and 
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even retinal cell types increase.127,132ï134 The cell type diversity within mature UNOs is a 

key advantage in modeling cell type emergence and differentiation in disease 

backgrounds.  

Unlike UNOs, GNOs require the use of exogenous signaling and patterning 

factors to direct the organoid towards specified cell fates and brain regions, including 

dorsal (pallium) and ventral (subpallium) forebrain, thalamus, hypothalamus, striatum, 

cerebellum, brain stem, and spinal cord.131,135,136 Through directed differentiation, the 

system becomes more unified, and batch-to-batch heterogeneity is greatly reduced. 

Importantly, multiple GNOs can be combined to create assembloid systems to assess the 

neuronal circuitry between different brain regions. In this way, GNOs offer a unique 

opportunity to study circuitry dynamics including neuronal migration, cellular 

integration, and axonal innervation.  

Organoid disease modeling has steadily increased over the years to include 

neurodegenerative disorders like multiple sclerosis and Alzheimerôs disease, as well as 

viral and chemical infections like Zika virus and chronic nicotine exposure.129,137,138 Due 

to the transcriptional similarity between brain organoids and fetal development, however, 

they are more commonly used to model NDDs such as ASD, epilepsy, Down syndrome, 

Tuberous Sclerosis, and Angelman syndrome 139ï142.   
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Figure 3: Mapping neurodevelopmental trajectories of human neural organoids to 

fetal development. 

Ordered developmental milestones of cell type emergence, migration, and maturation in 

the human brain can be modeled using human iPSC systems. Adapted from Bhaduri et 

al., Nature 2020. 
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1.4.4 Bulk transcriptomic approaches to assess 
developmental trajectories.  

Two of the major barriers to NDD therapeutics are a lack of established 

biomarkers and a poor understanding of disease trajectory. Bulk RNA sequencing (bulk 

RNA Seq) provides a scalable tool to examine the transcriptome of aggregate tissue and 

has evolved over the years to enable users to assess copy number variations, transposable 

elements, and cell type deconvolution (albeit with limitations). Depending on the tissue 

processing and chosen read depth, gene transcription can be assessed broadly for 

differential gene expression (DGE) or with isoform-specific resolution by capturing 

differential splicing of mRNA. A subset of the differentially expressed genes (DEGs) can 

then be assessed for over-representation of genes for a pathway of interest.  

Gene set enrichment analysis (GSEA) is an alternative analysis pipeline for 

examining gene expression. Instead of providing a list of DEGs, the entire gene set is 

ranked and provided a score according to its gene significance and fold change 

(incorporating the direction of up or downregulation). An algorithm is then applied to 

determine first if there is enrichment amongst the genes for a biological pathway 

(incorporating the geneôs score), and then assessed on how the genes are distributed in 

the ranked list. GSEA determines if there is a significant enrichment for a pathway of 

interest by ñwalkingò down the ranked list, increasing a running-sum statistic whenever it 

encounters a gene within the pathway of interest, and decreasing when one is not present. 

Step-wise or continuous distribution of the enriched genes near the top or bottom of the 

ranked gene set (most up or downregulated), is generally enriched.143 An enrichment 

score (ES) is then calculated to reflect the degree of overrepresentation of the genes, 
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either at the top or bottom of the list. In this way bulk RNA Seq can identify the affected 

biological pathways and biomarkers in a gene list that is provided in an unbiased manner, 

identifying differentially expressed transcripts that may otherwise be missed with 

conventional phenotyping methods such as immunofluorescence or single gene 

expression. 

Bulk RNA Seq has recently been used to profile the developmental trajectory of 

human tissue by use of NDD patient-derived brain organoids and 2D cultures.144 In this 

way, disruptions to critical periods of development have been identified, including stages 

of neurogenesis, synaptogenesis, and circuit formation. In addition to identifying critical 

developmental windows, bulk RNA Seq may provide insight into what early biomarkers 

may be present in a pre-symptomatic period, providing a means for supporting at-risk 

children. This would be a critical form of intervention, as there is an increased risk factor 

for neuropsychiatric illnesses for individuals with ASD diagnosis later in adulthood.144 

1.4.5 Single cell transcriptomics as a tool to examine cellular 
composition and communication. 

One of the major caveats to bulk transcriptomics is the aggregation of what is often 

heterogeneous tissue and cell types; the introduction of so much variability can dilute 

phenotypic effects and render the interpretation of data nearly impossible. Single cell 

RNA sequencing (scRNA Seq) offers the unique ability to profile individual cell 

transcriptomes and preserve the diversity of cell types within a sample. While multiple 

processing pipelines exist, ranging from: fixed frozen, flash frozen, fresh dissociation, 

single cell vs single nucleus, the core element to sample processing includes the 

immersion of single cells or nuclei in an oil solution containing reverse transcription 
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enzymes and oligonucleotide-barcoded beads. Using microfluidic partitioning the cells 

and beads are added in a 1:1 ratio to ensure each cDNA library is labelled with a barcode 

unique to each cell. The barcode is then retained during next generation sequencing 

(NGS) and can therefore be mapped back to the cell of origin. Within the bead itself are 

tagged nucleotide sequences called unique molecular identifiers (UMIs) which help 

differentiate between unique mRNA transcripts and therefore allow the user to screen out 

PCR duplicates and mutational artifacts vs. rare variants. For this reason, multiple reads 

of the same gene, barcode and UMI are collapsed into a single UMI count for 

downstream processing.  

Single cell RNA sequencing analyses are constantly evolving, with predictive 

platforms like CellChat and pseudotime allowing scientists to infer cell-cell 

communication and developmental trajectories, respectively, of various cell types. 

CellChat was introduced by the Satija lab in 2021 to provide predictive modeling of 

ligand-receptor interactions. An advantage to CellChat is that it applies communication 

probabilities using the law of mass action, which considers the geometric means of ligand 

and receptor expressions (with their subunits), weighted by their agonists/antagonists and 

levelled with DEG analyses. It uses an in-house database of known ligand-receptor 

complexes (including multimeric classes), soluble agonists and antagonists, as well as 

stimulatory and inhibitory membrane-bound co-receptors to create inferences about the 

proportion and strength of cell-cell communication.  

 Another powerful but inference-based analysis in scRNA Seq transcriptomics is 

pseudotime, which arranges individual cells across a temporal trajectory in order to 

understand cellular dynamics that govern differentiation and disease.145,146 Monocle is 
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one of the earliest pseudotime pipelines, and functions by performing unsupervised 

clustering of cells based on their differential gene expression along a differentiation 

trajectory. It reconstructs biological branch sites that are often representative of a new 

differentiation state, thereby allowing the user to infer lineage trajectories between two 

conditions. In this way, pseudotime can be used to assess cellular trajectories, the 

molecular pathways that underlie cell fate decisions, and the temporal dynamics of 

disease. Importantly, pseudotime data must be rigorously examined, as it can 

occasionally make inferences that do not reflect true biological trajectories.147 

1.5 Thesis objectives 

The primary objective of my thesis was to characterize human-specific 

neurodevelopmental deficits in the 15q13.3 microdeletion background using various fetal 

model systems (3D neural organoids). The project can be further divided into three core 

aims, which are discussed below. The common tool used in each chapter includes the 

15q13.3del patient-derived iPSCs, which we have reprogrammed in house and have 

previously phenotyped a subset of, by using Neurogenin-2 (NGN2)-induced neurons.118 

Aim 1 is addressed in chapter 3 and uses the unguided neural organoid model while 

applying single cell transcriptomics to a subset of the cohort (3-4 families). Aims 2-3 are 

discussed in chapter 4 and include the entire 15q13.3 cohort for bulk transcriptomic and 

circuit phenotyping using guided neural organoid modeling, followed by validations in 1-

3 families. 
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1.5.1 Aim 1: Characterizing vulnerable cell types and cellular 
trajectories in the 15q13.3 microdeletion cohort.  

In our previous study (which I was the fourth author of) we identified synaptic 

and morphological impairments in 2D NG2N neurons derived from three unique 

15q13.3del families. These neurons are generated through overexpression of the 

transcription factor, Neurogenin-2, to yield highly homogenous glutamatergic-like 

excitatory neurons. The morphological and functional abnormalities that we observed in 

the three 15q13.3del families are congruent with the neurodevelopmental deficits 

observed in the patients, who present with epilepsy, developmental delay, and autism 

spectrum disorder. However, the NGN2 model system uses an accelerated differentiation 

protocol that fails to capture early neurodevelopmental processes such as neural 

progenitor cell emergence, cell fate decisions, and neurogenesis,148 and therefore presents 

a gap in our knowledge of 15q13.3del developmental dynamics. 

This study focuses on capturing early neurodevelopmental processes that were not 

characterized in our 15q13.3 microdeletion patient cohort, all of whom received 

diagnoses postnatally following behavioural tests or epileptic presentations. Specifically, 

we wanted to examine fetal neurodevelopmental milestones such as the formation of the 

ventricular zone (VZ) cell type emergence (neurogenesis) and cell maturation. Using 

unguided neural organoids, we exploited their ability to stochastically generate numerous 

cell types from multiple brain regions and performed the first examination of human 

15q13.3del early fetal brain development across time. Using an established in house 

scRNA Seq analysis pipeline, we captured changes in early progenitor cell populations 

and their intracellular structures, as well as late-stage impairments to the temporal 
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trajectory and inferred synaptic signaling of mature excitatory and inhibitory neurons. We 

found changes in cell adhesion to persist throughout many of these processes, suggesting 

an underlying mechanism for early developmental impairments. 

 

1.5.2 Aim 2: Characterization of cell-type specific contributions to 
15q13.3 microdeletion syndrome progression and pathology.  

Given the profound impairments in mature excitatory and inhibitory neurons from 

our previous study, we wanted to identify the shared and unique abnormalities within 

each population across development. To achieve this, we generated guided forebrain 

organoids of dorsal and ventral lineages and used the entire 15q13.3del cohort to perform 

bulk RNA sequencing across two timepoints in development. By collaborating with Tony 

Chen, a PhD candidate from Dr. Kristin Hope's lab, we generated a comprehensive 

dataset of 120 samples across two tissue types and timepoints. Amongst the tissue types, 

we discovered convergence on cell adhesion and transcriptional dysregulation, which we 

later found to include several human-specific zinc finger protein loci at 19p13.2 and 

19q13.43. 

While sharing disruptions in transcription, the dorsal forebrain organoids 

exclusively showed enrichment for DNA damage and repair pathways, which we 

confirmed as an excitatory neuron-specific phenomena amongst the UNO excitatory 

neurons as well. Conversely, the ventral organoids and the UNO inhibitory neurons 

population converged on disruptions to neuron migration, a phenomenon that has never 

been modeled or assessed in a 15q13.3del background. This study represents the first 

examination of both excitatory and inhibitory neurons in a human-specific background 
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and uses the largest clinical 15q13.3del cohort in reported literature. Using this system, 

we have uncovered convergent and cell-type specific abnormalities in early 

neurodevelopment, necessitating the need for circuit exploration in assembloid models.  

 

1.5.3 Aim 3: Applying assembloid models to assess 15q13.3del 
circuit abnormalities. 

The objective of the last aim was to examine 15q13.3del circuit dynamics in a 

dorsal-ventral forebrain assembloid model to better understand the consequences to cell 

type-specific abnormalities. We performed tissue clearing and light sheet microscopy on 

fluorescently tagged forebrain assembloids using the same three 15q13.3del families 

from aim 1. We exploited different lineage (D vs. V) and genotype (WT vs. HET) 

combinations to explore cell intrinsic vs. extrinsic contributions to cell migration and 

morphology. We found persistent alterations in interneuron neurite length in all but the 

WT-WT combination, however, we only saw migration impairments in combinations that 

contained a 15q13.3del ventral organoid, suggesting that cell autonomous effects have 

some interplay with the dorsal microenvironment. The findings from this study and those 

above are currently being prepared for submission pending the analysis of dorsal-ventral 

spatial sequencing (samples submitted) and patch clamp electrophysiology phenotyping 

in collaboration with Dr. Zahra Dargaei.  
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2 CHAPTER 2: MATERIALS AND METHODS 

The techniques used in this report are a combination of stem cell culturing, 

transcriptomics, and microscopy (traditional immunocytochemistry and light sheet), the 

details of which can be found below.  

2.1 hiPSC Reprogramming and maintenance. 

2.1.1 Patient sample collection and Cell Oversight Committees. 

All pluripotent stem cell work was approved by the Canadian Institutes of Health 

Research. Blood samples were collected from individuals with the approval from 

SickKids Research Ethics Board after informed consent was obtained (REB approval file 

#1000050639). Additionally, this study was approved by the Hamilton Integrated 

Research Ethics Board, (REB approval file #2707). Fibroblast and blood samples were 

acquired from locations globally and are outlined per family/sample (Table 1).  

2.1.2 Patient cohort 

Patients heterozygous for the 15q13.3 microdeletion were approached at sites 

across Canada, the United States, and Italy. Microarray data determined that the deletion 

sizes ranged from 1.5-2 Mb in size, which is within the typical range of the deletion. 

Clinical assessments were provided upon request and revealed a heterogeneous 

population of individuals with ASD, intellectual disability, and epilepsy (most often 

presenting with absence seizures). Information on clinical background and deletion size 

to our cohort can be found on Table 1.  
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Table 1: Clinical presentations and background of patients heterozygous for the 

15q13.3 microdeletion.  

Table 1 

Patient ID Sex Proband relation Clinical presentations TƛǎǎǳŜ ŎƻƭƭŜŎǝƻƴ 
ŀƴŘ ƳƻŘŜ ƻŦ 
ǊŜǇǊƻƎǊŀƳƳƛƴƎ  

Deletion size (kbp) 

Family 1 control Female Mother Neurotypical  

 

 

 

Pa./ ƛǎƻƭŀǝƻƴ 

ŦƻƭƭƻǿŜŘ ōȅ 

{ŜƴŘŀƛ ǾƛǊŀƭ 

ǊŜǇǊƻƎǊŀƳƳƛƴƎ  

No 15q breakpoints 

15q13.3del Patient 1 Female 

 

ASD  (1530.69) 

Family 2 control Male Brother Neurotypical No 15q breakpoints 

15q13.3del Patient 2 Female 

 

Epilepsy (absence seizures), DD, ID 2000.669 

Family 3 control Male Father Neurotypical No 15q breakpoints 

15q13.3del Patient 3 Female 

 

Severe epilepsy (absence seizures), 

ADHD, ASD 

1348.142 

Family 4 control Female Mother Neurotypical No 15q breakpoints 

15q13.3del Patient 4 Female 

 

Epilepsy (myoclonic absence 

seizures), abnormal EEG and MRI, 

thick corpus callosum 

Microarray data not 

available 

Family 5 control Female Mother Neurotypical No 15q breakpoints 

15q13.3del Patient 5 Female 

 

DD, Thick corpus callosum, T2 

hyperintensity in tegmental tracks, 

language, and motor delay 

Microarray data not 

available 

15q13.3del Patient 6 Female No familial 

control 

Global DD and ID Microarray data not 

available 

 

ADHD - attention deficit hyperactivity disorder, ASD - Autism spectrum disorder, DD - 

developmental delay, EEG ï Electroencephalography, ID - Intellectual disability, kbp - 

kilobase pairs. 
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Importantly, discovery of the CNV in each patient was well after the first year of 

life, leaving a developmental window uncharacterized for this disorder. We sought to 

profile the developmental continuum of the 15q13.3 microdeletion using unguided neural 

organoids, which are capable of generating multiple telencephalic brain regions and cell 

types from the developing fetal brain in three-dimensional space, providing an unbiased 

model that can also be probed for relevant cytoarchitectural changes across 

development.130,134,149ï151  
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2.1.3 Reprogramming and hiPSC culturing. 

CD34+ blood cells were assessed via flow cytometry and collected for iPSC 

reprogramming. iPSCs from Family 1 and 2 were reprogrammed by the Centre for 

Commercialization of Regenerative Medicine (CCRM, MaRS Centre, Toronto, ON) and 

iPSCs from families 3-6 were generated in-house. iPSCs were generated by Sendai viral 

reprogramming and clonal expansion using the CytoTune ï iPSC 2.0 kit (Thermo Fisher) 

according to manufacturer instructions. In brief, colonies were expanded for 2-3 weeks, 

and once large enough were transferred to a single well of a 12-well plate coated with 

irradiated mouse embryonic fibroblasts (MEFs). iPSC media consisted of DMEM/F12 

supplemented with 10% KO serum, 1× non-essential amino acids, 1Ĭ GlutaMAX, 1 mM 

ɓ-mercaptoethanol, and 16 ng/mL basic fibroblast growth factor. Once expanded, iPSCs 

were grown on Matrigel-coated 6-well plates in mTeSR1 (STEMCELL Technologies), 

where all subsequence passaging was performed with ReLeSR (STEMCELL 

Technologies). Line validation was performed through flow cytometry and 

immunocytochemistry of pluripotency markers, and cytogenomic karyotyping was 

assessed via G-Banding analysis at The Centre for Applied Genomics (TCAG, SickKids, 

Toronto, Canada). Data for hiPSC validations can be found in Supplementary Fig. 1. 

2.2 Organoid generation and tissue handling 

2.2.1 Organoid and assembloid generation 

Unguided and forebrain-specific organoids were generated with the STEMdiff Ê 

Cerebral Organoid and the STEMdiff Ê Dorsal/Ventral Forebrain Organoid kits, 

respectively, from STEMCELL Technologies Ê using low-passage (P20-P30) hiPSCs 

under the manufacturer instructions.  
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Assembloids were generated from dorsal and ventral forebrain organoids on day 

25 of differentiation; using a wide-bore P10 pipette, individual organoids from dorsal and 

ventral lineage were placed into one ultra-low attachment U-bottom 96 well plate 

(Corning) in 200 µL of media. Plates were then centrifuged for 15 seconds on the ñQuick 

spinò setting. A half media change was performed the following day, and on day 4 

assembloids were moved into a 6 well ultra-low attachment plate (Corning) using a wide-

bore P1000 tip. 25 days post-assembly (day 5 of differentiation), maturation media was 

supplemented with 1 ɛg/mL of doxycycline to induce expression of fluorophore 

constructs. Induction proceeded for five days, after which the assembloids were 

processed for immunocytochemistry or light sheet microscopy.  

2.2.2 Organoid BrdU pulse, fixation, and immunocytochemistry 

On day 40 of differentiation, unguided neural organoids media was supplemented 

with 0.1 mM of BrdU (Sigma) and left to incubate for 24 hours. Following the 24 hours, 

organoids were fixed and processed for immunocytochemistry.  

Organoids were washed 3x in Phosphate Buffered Saline (PBS) for 10 minutes 

prior to a 48-hour fixation in 4% paraformaldehyde (PFA). Samples were dried in 30% 

and then 50% sucrose in PBS overnight, and then embedded in either Optimal Cutting 

Temperature (OCT) (1-month unguided neural organoids) or gelatin (all other samples) 

and stored at -80 . Sections were made on the Leica CM3050S at 20 Õm on 

SuperFrostÊ Plus microscopy slides and stored at -30 . 

The slides were washed 3x in 1x Phosphate Buffered Saline supplemented with 

Tween-20 (PBS-T) and incubated in a blocking/permeabilization solution comprised of 
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10% Donkey serum (Millipore) and 0.03% Triton X-100 (Fisher Scientific) in PBS for 1 

hour at room temperature. Samples were incubated in this solution with primary 

antibodies overnight at 4 . Samples were washed 3x with 1x PBS-T, followed by a 2-

hour incubation at room temperature with secondary antibodies. Samples were washed 2x 

with 1x PBS-T, incubated with DAPI nuclear dye for 15 minutes, followed by a final 

wash with 1x PBS-T. Samples were mounted on Vista Vision glass microscope slides 

(VWR) using Prolong Gold antifade reagent (Life Technologies). Antibody sources and 

dilutions can be found in Table 2.  
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Table 2: List of antibodies used in this project. 

¢ŀǊƎŜǘ Iƻǎǘ aŀƴǳŦŀŎǘǳǊŜǊ ²ƻǊƪƛƴƎ Řƛƭǳǝƻƴ /ƻƳƳŜƴǘǎ όǿƘŀǘ ƛǘ ǿŀǎ ǳǎŜŘ ƻƴύ 

.ǊŘ¦ wŀǘ !ōŎŀƳ  
ό/ŀǘΦ ŀōсонсύ 

мΥрлл tǊƻƭƛŦŜǊŀǝƻƴ ŀǎǎŀȅ 

/¢Ltн aƻǳǎŜ !ōŎŀƳ 
ό/ŀǘΦ ŀōноотмоύ 

мΥрлл 5фл ¦bh LI/ 

DCt /ƘƛŎƪŜƴ ¢ƘŜǊƳƻ CƛǎƘŜǊ 
ό/ŀǘΦ !πмммннύ 

мΥ рллл о5Σ 
мΥ мллл н5 

!ǎǎŜƳōƭƻƛŘ LI/ όо5ύ ŀƴŘ bDbн ŀȄƻƴ 
ǎǘŀƛƴƛƴƎ όн5ύ 

Yƛст wŀōōƛǘ !ōŎŀƳ 
ό/ŀǘΦ ŀōмррулύ 

мΥрлл tǊƻƭƛŦŜǊŀǝƻƴ ŀǎǎŀȅ 

a!tн /ƘƛŎƪŜƴ !ōŎŀƳ  
ό/ŀǘΦ ŀōфнпопύ 

мΥрлл о5 
мΥмллл н5 

!ǎǎŜƳōƭƻƛŘ LI/ όо5ύ ŀƴŘ bDbн ŀȄƻƴ 
ǎǘŀƛƴƛƴƎ όн5ύ 

Ƴ/ƘŜǊǊȅ Dƻŀǘ ¢ƘŜǊƳƻ CƛǎƘŜǊ 
ό/ŀǘΦ t!рπмпорфлύ 

мΥнллл !ǎǎŜƳōƭƻƛŘ LI/ 

bY·нπм wŀōōƛǘ !ōŎŀƳ 
ό/ŀǘΦ ŀōтслмоύ 

мΥрлл ±ŜƴǘǊŀƭ ƻǊƎŀƴƻƛŘ LI/ 

{aLπомн aƻǳǎŜ .ƛƻ[ŜƎŜƴŘ 
ό/ŀǘΦ уотфлпύ 

мΥмллл bDbн ŀȄƻƴ ǎǘŀƛƴƛƴƎ 

{h·н Dƻŀǘ wϧ5 {ȅǎǘŜƳǎ 
ό/ŀǘΦ !Cнлмуύ 

мΥмлл ¦bh ŀƴŘ ŘƻǊǎŀƭ LI/ 

{{¢ aƻǳǎŜ !ōŎŀƳ 
ό/ŀǘΦ ŀōмплссрύ 

мΥрлл ±ŜƴǘǊŀƭ ƻǊƎŀƴƻƛŘ LI/ 

¢.wм wŀōōƛǘ !ōŎŀƳ 
ό/ŀǘΦ ŀōмуолонύ 

мΥмллл ¦bh ŀƴŘ ŘƻǊǎŀƭ LI/ 

wŜŘ5ƻǘ bκ! .ƛƻǝǳƳ 
ό/ŀǘΦ пллслπмύ 

мΥмлл [ƛƎƘǘ ǎƘŜŜǘ ƛƳŀƎƛƴƎ 
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2.2.3 Confocal microscopy and ICC cell population analyses 

Confocal Z-stack images were taken on a Zeiss LSM 800 with a 2048x2048 

resolution. Images were processed with ImageJ 1.44 Software (Fiji) and analyzed using 

CellProfiler 4 (BMC Bioinformatics). For population analyses, manual regions of interest 

(ROIs) were drawn, and maximum intensity projections of each channel were processed 

and thresholded to report cell populations normalized to DAPI+ nuclei (unless otherwise 

stated).  

2.2.4 Tissue clearing (CUBIC Protocol) 

Fixed samples were processed using the CUBIC protocol152 with minor modifications 

based on organoid and assembloid size. Optical clearing reduces the refractive index (RI) 

differences between different tissue components to allow the passage of light without 

scattering and with minimal refraction. The removal of highly refractive components 

such as lipid is achieved by using detergents and is followed by RI homogenization. 

Tissue with a singular RI can then be submerged in an oil solution with an identical RI 

and imaged with confocal or light sheet microscopes.  

The CUBIC protocol (Clear, Unobstructed Brain Imaging Cocktails and 

Computational Analysis) was chosen as it has been heavily optimized for neural tissue,152 

and for its ability to preserve fluorescent molecules with minimal quenching (as 

compared to harsher protocols such as iDISCO). The iDISCO method was previously 

attempted (data not shown), however the endogenous fluorophore signal was completely 

quenched by the detergents, rendering it incompatible with our model system.  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

38 

 

Fixed assembloid samples were incubated overnight at room temperature with the 

nuclear stain RedDot 647 (Biotrend, 1:100, shaking RPM), followed by 3x PBS washes. 

Samples were incubated in 50% CUBIC-1 in H2O for 2 hours at 37 , followed by a 48-

hour incubation with 100% CUBIC-1 at 37 . Samples were washed 3x with PBS for 30 

minutes, and then incubated in 50% CUBIC-2 for 3 hours, followed by an overnight 

incubation in 100% CUBIC-2 at 37 . Samples were washed in type FF immersion oil 

(16212, Cargille Laboratories Inc. Cedar Grove, NJ, USA) for 10 minutes at room 

temperature prior to imaging.  

Confocal imaging was performed using the Ultramicroscope II light sheet microscope 

(LaVision BioTec GmbH, Bielefeld, Germany) at 2x magnification to capture the entire 

assembloid. Images were processed using IMARIS software (V10.0.0, Bitplane Inc. 

Zurich, Switzerland) and the proportion of hSYN-eGFP+ ventral neurons was quantified 

using the Spots tool and Chi sum of squares statistical test for cell nuclei identification. 

We chose to report the proportion of cells migrating rather than raw values to mitigate 

confounding variables caused by differences in labeling efficiencies between cell lines. 

The NeuriteTracer package was then used to measure the neurite length of migrating 

hSYN-GFP+ neurons.  

 

2.3 Transcriptomics 

2.3.1 Bulk RNA Sequencing processing  

Organoid tissue was processed on days 50 and 100 of growth in vitro, unless 

otherwise specified. 3-5 organoids were combined per sample, and RNA was extracted 
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from 3 samples/patient line using the RNeasy mini kit and RNase-Free DNase set 

(Qiagen). RNA integrity was assessed with the 2100 Bioanalyzer (Agilent Technologies, 

Inc.), which performs chip-based capillary gel electrophoresis to calculate the RNA 

integrity number (RIN) based on proportions of the total 18S and 28S ribosomal RNA. 

Low RIN values (< 4) can indicate RNA degradation, and while there is no universal 

cutoff, we ensured all samples had RIN values above 8 before proceeding with library 

prep (Supplementary Figures 10-11). All samples of a tissue type were processed 

simultaneously at TCAG (SickKids, Toronto, Canada). with NEBNext Ultra II Direction 

RNA Library Prep kit for Illumina (New England Biolabs), which specifically enriches 

for protein-coding, polyadenylated messenger RNA (mRNA) fragments. mRNA is 

captured with purification beads and fragmented to 150 base pairs (bp) for cDNA 

synthesis. cDNA fragments are then ligated to adapters that enable library amplification 

through polymerase chain reaction (PCR) for downstream next generation sequencing 

(NGS). Stranded RNA was chosen for amplification given the increase in accuracy for 

transcript expression estimation153. The samples were run through a single lane on the 

Illumina NovaSeq 6000 S4 flow cell, which recognizes adapter sequences and performs 

NGS at specified read depths. A target capture of 30 million reads/sample was 

performed, and raw data was further processed using the CutAdapt package to trim 

residual adapter content, and the STAR2Pass package to align each read using the human 

genome GRCh38 as a reference. Quality control was performed using the FastQC 

platform, which enables high-throughput assessment of read quality using metrics such as 

read length, depth, Phred scores,154 and adapter contamination. 
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2.3.2 Bulk RNA Sequencing Analysis 

Read integrity was assessed on raw RNA-seq data by using FastQC (V0.11.5), 

followed by adapter trimming and filtering of low-quality reads via CutAdapt. Reads 

were mapped to hg38 using STAR (2-pass mode, V2.7.0A - outSAMtype BAM 

SortedByCoordinate) using default settings and aligned read content was log2 normalized 

and assessed for differential gene expressed (DGE) through the RStudio package, 

DESeq2.  

Additional filters were applied to remove genes with low read counts (<10 reads in 

Ó50% of the samples) to reduce technical noise and improve DEG detection sensitivity. 

Normalization and differential gene expression (DGE) analysis was performed using the 

DESeq2 platform created by Dr. Michael Love (V1.38.3). We applied the covariate 

regression function to regressing out batch effects, sex, and ancestry to minimize 

unnecessary variability in the dataset. This variance is especially evident in the principal 

component analysis (PCA) of the raw, unprocessed data, which grouped loosely by 

family followed by timepoint (Fig. 21, 25).  

DESeq2 uses negative binomial distribution estimates to determine differentially 

expressed genes (DEGs) within a dataset. First it applies normalization or ñsize factorsò 

to the raw gene counts to account for differences in library depth between samples. It 

then estimates dispersions, which are inversely related to the mean expression and 

directly related to the variance; it operates under the assumption that genes with similar 

expression values have comparable dispersion and allows for shrinkage of the estimates 

to enable more accurate gene count modeling. DESeq2 then fits the negative binomial 

model and uses the Wald test for hypothesis testing. Importantly, the analysis pipeline 
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allows users to regress out covariates that may skew the data such as batch effects, sex, 

and ancestorial to minimize unnecessary variability in the dataset. After regressing out 

timepoint, sex, age of individual, and tissue type covariates, genes with an FDR <0.05 

and pAdj <0.05 were deemed differentially expressed. Data was plotted using 

BioConductor and ggPlot2 packages in RStudio. DGE analysis was performed using 

ShinyGO (V0.8), a bioinformatic mapping tool that performs gene ontology (GO) 

analysis, chromosomal distribution mapping, and KEGG pathway enrichment for a gene 

input list with a custom background to overcome selection bias.155 GO analysis was 

performed using default settings, selecting pathways within the range of 2-2 000 genes 

and FDR <0.05 (based on the nominal p-value from the hypergeometric test). Our total 

matrix gene set post-filtering was used as a background to yield more accurate results.  

2.3.3 Gene set enrichment analysis (GSEA) 

Gene set enrichment analysis was performed using the GSEA desktop application 

(http://software.broadinstitute.org/gsea/downloads.jsp)143 on all genes ranked by fold 

change. The default parameters used were 1 000 permutations, a minimal set size of 30, 

and a maximum set size of 500 to account for the large DEG datasets. Gene sets with 

FDR <0.05 were considered significant.  

2.3.4 Cell dissociation for single cell RNA sequencing (scRNA 
Seq) 

Neural organoids beyond 3 months of differentiation were cut first and washed 1x 

with PBS to remove potential necrotic tissue. All organoids were dissociated in live 

culture using a Papain dissociation kit (Worthington), using a modified protocol from Dr. 

Paola Arlottaôs laboratory.151,156 Cells with viability > 80% were resuspended in 0.01% 

http://software.broadinstitute.org/gsea/downloads.jsp


                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

42 

 

BSA (PBS) at a concentration of 1 200 cells/µL and shipped on ice for gel bead in 

emulsion (GEM) generation and downstream processing (SickKids). 5 000 ï 10 000 cells 

were FACS sorted and run through the 10x Genomics 3ô V3.1 Gene Expression pipeline. 

50 000 reads/cell were sequenced and provided in FASTQ format. 

2.3.5 Single cell RNA sequencing analysis 

Raw FASTQ files were first aligned to the human genome hChg38 using Cell 

Rangerôs default alignment parameters. The Seurat R Package V.3.0 was then used for 

downstream processing.157 First, low quality cells were identified through identification 

of high mitochondrial content (>15%) and abnormal read counts (<200 for poor read 

depth and >1 200 for dublets or multiplets).157 The matrix was then log-normalized, and 

regression was performed on the poor-quality cells and ancestral covariant as these are 

known contributors to variation158. Individual samples were aggregated into a single 

Seurat object, and the aggregate gene expression was scaled and normalized for each 

gene using a linear model that accounts for and normalizes by the sequence depth of each 

cell.157 We used the FindVariableFeatures function to identify genes (ñfeaturesò) that are 

highly variable in the dataset, and these variable features were used to perform principal 

component analysis (PCA). The top 30 PCs were selected for clustering using Seuratôs 

FindNeighbors function, followed by FindClusters with a resolution of 0.15.  

Cell variation was visualized by a Uniform Manifold Approximation and 

Projection (UMAP) plot, and later annotated with cluster identities. Using a longitudinal 

UNO dataset as a training dataset,159 we applied the cell classification function to identify 

the top three most likely cell types amongst the predefined clusters. This list was 

supplemented with manual annotation based on an assessment of canonical cell type-
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specific marker expression (Dot plots from Supplementary Figures 2-3). Once the 

populations were identified, cell proportions were assessed by two separate statistical 

tests: first using the permutation test with the scProportions function, and then 

supplemented by a Fisherôs exact test (two sided) comparing cell frequencies between 

genotypes.  

DGE analysis was performed using a non-parametric Wilcoxon rank sum test 

with an adjusted p value based on the Bonferroni correction using all features in the 

dataset. Gene lists were filtered for pAdj < 0.05 and average log2fold change > log(1.2) 

for pathway analysis using g:Profiler (V0.2.2) including enrichment terms for biological 

pathway, cellular compartment, reactome, KEGG, and HP, followed by REVIGO 

semantic similarity reduction (V1.8.1) 

The CellChat (V1.6.0) R package was used to gain insight on potential intercellular 

communication networks from the scRNA Seq dataset, which estimates cellular crosstalk 

based on proportions of known receptor-ligand complexes through a combination of 

network analysis, pattern recognition, and manifold learning.160 We first assessed 

aggregate interaction probabilities to understand how cellular communication may be 

behaving more broadly in our system. We measured the total number of predicted 

interactions, which represents interactions whose probability passes a permutation test 

that incorporates the law of mass action, a principle in chemistry that considers the ratios 

signaling ligands and receptors weighted by their agonists and antagonists. Pathway 

overrepresentation was determined using the rank similarity test, which assesses the 

similarity between rankings of multiple variables (cell types, interaction strengths, and 

signaling pathways) and applies a relative (non-numerical) ranking for visualization. 
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We used the Monocle3 package for pseudotime analysis, which is an algorithm that 

incorporates differential gene expression dynamics with dimensionality reduction to link 

cells along a pseudotemporally ordered path through Louvarian clustering.147,161 To 

perform pseudotemporal ordering of the cells, a biologically-relevant ñroot nodeò or 

starting point must be chosen, which we assigned as the radial glia population. Monocle3 

then measures the distance between the starting points of each cell to the root and will 

calculate a pseudotemporal value that represents the distance between a cell population of 

interest and the starting point. 

 

  



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

45 

 

3 CHAPTER 3: Loss of 15q13.3 genes in unguided neural 
organoids (UNOs) disrupts developmental trajectories and 

predicted cellular communication. 

3D neural organoids have provided new avenues for studying neurodevelopment, 

enabling users to generate and examine tissues previously inaccessible to biological 

research. In this way, human-specific features of brain development and disease have 

been identified, although disease modeling is still in its infancy. Neural organoids provide 

enormous promise in studying complex disorders such as the 15q13.3 microdeletion 

syndrome, given their ability to model fetal neurodevelopmental milestones that are not 

captured in the clinic. Specifically, our objective was to use neural organoids to identify 

vulnerable windows of development and to pinpoint cell types that may confer 

vulnerabilities to these abnormalities.  

3.1 scRNA Seq of immature 15q13.3del UNOs 
reveals altered proportion and structure of radial 
glia populations. 

In order to create 3D neural organoids, iPSCs were first generated using Sendai viral 

delivery of the Yamanaka factors to reprogram extracted peripheral tissues (CD34+ white 

blood cells) from our patient cohort into iPSCs. Pluripotency was validated using flow 

cytometry and immunocytochemistry (ICC) of known pluripotent markers OCT4, 

NANOG, FITC, SE, and Tra-160 (Supplementary Fig. 1). Following karyotyping 

quality control passing, the cells were then used to generate UNOs from four unique 

15q13.3del probands and their typically developing familial controls. 

The UNO model was chosen for its ability to stochastically generate multiple cell 

types from various brain regions,130,134,162 providing a broad and unbiased overview of the 
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developing fetal brain. Importantly, UNOs can also form cortical-like structures 

reminiscent of a developing ventricular zone where neurogenesis occurs within the basal 

most rosette structures. As we began to grow the 5q13.3del UNOs, we noticed within the 

first month of growth an increase in 15q13.3del organoid size relative to the control lines, 

(Fig. 5C) and that this size change persisted for upwards of three months.  

To assess the contributions of cell proliferation to the UNO size increase, we 

performed a 24-hour 5-bromo-2'-deoxyuridine (BrdU) pulse to label dividing cells in the 

UNOs. BrdU is incorporated into the DNA of dividing cells during the S phase of the cell 

cycle and can be quantified with Ki67 (present at all active phases of the cell cycle) to 

identify actively dividing cells. We performed ICC on three 15q13.3del families and 

probed for these two markers within the DAPI-rich rosette structures and found no 

change in the proportion of doble positive (Ki67+ BrdU+) cells nor the proportion of cells 

re-entering the cell cycle (Ki67- BrdU+) within the aggregate dataset (Fig. 6A), 

suggesting that at this timepoint there is no change in the proliferative capacity of cells 

within the rosettes. 

To profile the causative cell types for this growth and probe for signaling changes on 

a cellular level, we performed single cell RNA sequencing (scRNA Seq) on three unique 

15q13.3del families on day 40 (D40) of development (Fig. 7). This timepoint represents a 

period when neural cell types emerge from neural progenitor cells (NPC) and begin to 

mature,130 and is thought to resemble early mid-fetal (13ï16 gestational weeks) through 

late mid-fetal (19ï20 gestational weeks) neural development.134 To profile all the neural 

and progenitor cell types at this timepoint, we used the 10x Genomics 3ô Gene 
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Expression V3.1 platform to capture and sequence 50 000 reads/cell from ~5 000 

cells/line.149  

After filtering out low quality cells, we were left a total of 29 735 cells (<1% dropout) 

for downstream analysis. Unsupervised clustering identified 13 distinct cell populations, 

which were annotated using a training dataset of UNOs across multiple developmental 

timepoints159 and validated through assessment of canonical cell type markers 

(Supplementary Fig. 2, cell counts per proportion can be found in Supplementary 

Table 1). 

We identified a diverse population of cell types including radial glia populations, 

neural progenitors, as well as newborn and mature post-mitotic neurons (Fig. 8A). To get 

an overview of the populations, we performed cell composition comparison using both a 

Fisherôs exact test and a permutation test to examine cell proportions.157,163 From these 

tests, six populations were identified to have significant differences (FDR <0.05 with 

absolute fold change>0.58) in proportions between genotypes (two populations decreased 

in 15q13.3del UNOs, four populations increased). Of the increased populations, half were 

composed of radial glia populations, which comprise the ventricular-like rosette 

structures responsible for making newborn neurons (Fig. 8C-D). 

To examine gene expression changes more broadly, we performed DGE analysis 

using the FindMarkers function based on the non-parametric Wilcoxon rank sum test. 

After filtering for an adjusted p value (pAdj) <0.05, over 8 000 DEGs were identified per 

cell type cluster. We first probed for 15q13.3 gene expression to ensure heterozygosity of 

the model, and indeed OTUD7A, CHRNA7, FAN1, KLF13, and MTMR10 were all 
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significantly downregulated in multiple cell populations (aggregate expression shown in 

Supplementary Fig. 2).  

To assess the cell type-specific biological consequences to this heterozygosity, gene 

ontology (GO) enrichment analysis was then performed on g:Profiler (V2), which 

showed over 3 000 altered pathways amongst the up and downregulated DEGs. We 

focused on the radial glia populations, as multiple subtypes were differentially populated 

in the 15q13.3 UNOs. We used ShinyGO to examine the top 250 up- and downregulated 

gene pathways and found strong enrichment for neurogenesis and neuron differentiation 

amongst the downregulated gene set in the apical radial glia population (Fig. 8E, 

biological pathway, FDR<0.001, 2.21-fold enrichment). We visualized the enriched 

genes from this pathway on STRING (Search Tool for the Retrieval of Interacting 

Genes), a database of known protein-protein interactions and biological pathways to see 

if any of the genes interact with each other outside of their role in neurogenesis. After 

plotting the 37 genes, we confirmed that they were indeed associated with neurogenesis 

(FDR= 5.68e-16) and noticed the enrichment of multiple cell adhesion proteins (FDR= 

0.0019), including laminin (LAMB1), Contactin-5 (CNTN5), and Dystrophin (DMD) 

(Fig. 8F). In this way, changes in neurogenesis may be influenced by cell adhesion 

proteins.  

SOX2 is a known marker of neural progenitors that is particularly enriched in radial 

glia and may be altered in states of reduced neurogenesis and differentiation.164 In 

support of this, the UMAP plot of relative SOX2 mRNA expression showed the highest 

expression in the four radial glia subpopulations (Fig. 9A). We measured the global 

mRNA expression of SOX2 and found a significant increase in mRNA transcript 
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expression (Fig. 10B, p <0.001), prompting us to examine the gene at the protein level. 

We performed ICC on a total of four 15q13.3del UNO families to target the SOX2+ radial 

glia that comprise the rosette structures within the organoids. We found consistent 

increases in rosette size (nearly double that of the controls) (Fig. 9C), and dysmorphic 

rosette shapes, whereby rosette shape was not circular but rather caved in or turned 

inward.  

In addition to forming the ventricular-like rosettes, UNO radial glia will proliferate 

and eventually give rise to newborn neurons that migrate to the outer edge of the 

organoid to produce laminar structures reminiscent of the developing cortex. Given the 

neurogenesis enrichment amongst the downregulated aRG genes, we probed for the 

expression of TBR1, a marker for cortical newborn neurons,165 and found that this 

population was significantly decreased amongst the four 15q13.3del UNO families (Fig. 

9C), indicating potential disruptions in neuronal maturation or differentiation, as 

indicated by our previous GO enrichment analysis.  

This is the first time radial glia populations have been assessed in the 15q13.3del 

background, where we found structural abnormalities including differences in cell 

density, rosette size, and the proportion of newborn neurons amongst four 15q13.3del 

families. Early changes in precursor cell development suggests that there may be further 

impairments in early neuron development that have not been sufficiently characterized in 

the postnatal mouse models, and an assessment of the neurogenesis-enriched gene set 

suggests the role of cell adhesion in that process.  
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3.2 Mature 15q13.3del UNOs have global changes in 
inferred intercellular communication and enrichment for 
cell adhesion pathways. 

Since radial glia can give rise to multiple neural subtypes (excitatory, inhibitory, 

oligodendrocytes, etc.), we aged the UNOs to a timepoint that recapitulates late mid-fetal 

gestation weeks 19-24 to capture fate specification and cellular trajectory of both 

newborn neurons and mature excitatory and inhibitory neurons.134,166 During this time, 

we observed persistent size changes amongst 15q13.3del UNOs, as well as a decrease in 

cell density and increase in nuclei diameter consistent with the D40 timepoint (Fig. 11).  

We sought to characterize the cellular dynamics on the single cell level and used the 

same three patient families to perform scRNA Seq using identical sample preparations to 

the previous experiment. To account for the increase in cell diversity at this timepoint, we 

doubled the number of cells sequenced from 5 000 to 10 000/sample and were able to 

capture a total of 68 455 cells post-filtering. Using the same analysis pipeline and training 

dataset,159 we identified 11 unique cell clusters, including: neural inhibitory and 

excitatory progenitors; mature excitatory neurons, mature inhibitory interneurons, 

astrocytes, and oligodendrocyte precursors (OPCs) (Fig. 11B, cell counts per proportion 

can be found in Supplementary Table 2). A small population (345 cells, ~ 0.5%) 

matched the transcriptome of COL1A1+/GFAP- mesenchymal-like cells, which are likely 

neural crest cells and were excluded from downstream DEG analysis.  

We first sought to confirm 15q13.3 gene heterozygosity again at this later timepoint, 

and from aggregate mRNA transcript level (Supplementary Fig. 2) it was apparent that 
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the transcript levels remained reduced. We used the non-parametric Wilcoxon rank sum 

test with an adjusted p value to perform DGE analysis (filtering for p adj< 0.05), which 

produced lists for each cell type that ranged from ~ 600 to over 6 000. Each 15q13.3 gene 

with high expression in multiple cell types (Supplementary Fig. 3) was significantly 

downregulated in over half of the cell types, including KLF13, FAN1, MTMR10, and 

OTUD7A. Amongst the DEGs included ASD risk genes, axonal regulators, and OTUD7A 

interaction partners ANK2 and ANK3, which were significantly downregulated in 8/10 

and 9/10 cell types, respectively. Since ANK3 was expressed in multiple cell types, we 

confirmed its aggregate reduction on the protein level through western blot of 2-month 

15q13.3del UNOs (Fig. 12) as a validation to the scRNA Seq pipeline. 

Given the diversity of cell types in this current model, we questioned how cell 

interactions and intercellular communication may be altered in aggregate and amongst 

distinct populations. We used the R package CellChat to gain insight on potential 

intercellular communication networks from the scRNA Seq dataset, which quantitatively 

infers cellular crosstalk based on proportions of known receptor-ligand complexes.160 We 

first assessed aggregate interaction probabilities to understand how cellular 

communication may be behaving more broadly in our system. We measured the total 

number of predicted interactions and observed a reduction in the number and strength of 

significant cell interactions amongst the 15q13.3del dataset (Fig. 13B, 4676 in the control 

vs. 3224 in the 15q13.3del for the number of total significant interactions, and 0.164 

interaction strength for the control vs. 0.068 for the 15q13.3del), suggesting broad 

reductions in cell communication. We stratified the total interactions and strength by cell 

type (Fig 14C) and found multiple populations to contribute towards the inferred 
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reduction in communication, with the exception of the outgoing signal from select 

excitatory neuron populations (non-telencephalic midbrain excitatory neurons signaling 

towards non-telencephalic hindbrain excitatory neurons and mature excitatory neurons; 

mature excitatory neurons towards apical radial glia and non-telencephalic midbrain 

excitatory neurons; and non-telencephalic hindbrain excitatory neurons towards apical 

radial glia, indicated by an increase in relative interaction between these cell types. We 

questioned what signaling pathways may underlie these changes and determined the 

overrepresented pathways by using the rank similarity test, which assesses the similarity 

between rankings of multiple variables (cell types, interaction strengths, and signaling 

pathways) and applies a relative (non-numerical) ranking for visualization. The top 

overrepresented pathway amongst the aggregate tissue in the rank similarity plot was 

Nectin signaling, a family of cell-adhesion molecules that are regulated in a calcium-

dependent manner (Fig. 14A). To determine how cell adhesion signaling may be 

disrupted amongst single cell populations, we visually assessed the outgoing signaling of 

Nectin, the top cell adhesion pathway, in addition to Ephrin-A (EphA) and Ephrin-B 

(EphB) signaling. The resulting circle plots showed outcoming signaling from multiple 

cell populations, where the circle size and edge width are proportional to the number of 

cells in each cell cluster and the communication score between interacting cell clusters, 

respectively (Fig. 14B). Amongst the control cell populations, cell adhesion signaling 

was present between each cell type, with the radial glia populations producing the 

strongest Nectin and EphB signaling. In contrast, the 15q13.3del population showed a 

general reduction in communication scores (circle edges), with some cell types showing 

an absence of detectible signal, such as the inhibitory neurons input and output of Nectin 
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signaling, and the absence of detectible EphA signaling form all but the Cajal-Retzius 

and non-telencephalic excitatory hindbrain neurons.  

We were interested if  biological pathways from the DEGs of each cell type would 

support this predictive analysis, and performed GO analysis followed by REVIGO 

semantic similarity reduction to produce tree plots of the core biological features of each 

of the cell types sets,167 excluding inhibitory neurons in the downregulated plots and 

Cajal-Retzius cells in the upregulated plots due to a lack of unique GO terms to 

aggregate. The terms varied between cell types, but a repeated feature amongst the 

downregulated terms included cellular adhesion pathways (5/9 plots) and 

nervous/systems/developmental processes (identified in 8/9 REVIGO plots, Fig. 14C), 

confirming that cell adhesion was disrupted at the transcript level.  

Cellular communication is critical to the formation and development of neurons; 

without the appropriate input from nearby cell types, a neuronôs excitability is 

compromised and thus, also its ability to integrate into a neural network.168 Cell adhesion 

molecules play a critical role in the establishment of neuronal connections at the pre and 

post synapse, but also contribute more broadly to neuron maturation by participating in 

processes such as axon guidance, dendritic spine morphology, as well as synaptic 

plasticity, maintenance, and homeostasis.  

3.3 Pseudotime analysis predicts alterations in cell 
type emergence and identifies putative imbalances to 
excitatory and inhibitory signaling  

We exploited pseudotime analysis to better understand the emergence and trajectory 

of each cell type within our dataset. We used the Monocle3 plugin, an algorithm the 
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incorporates differential gene expression dynamics with dimensionality reduction to link 

cells along a pseudotemporally ordered path through Louvarian clustering.147,161 To 

perform pseudotemporal ordering of the cells, a biologically-relevant ñroot nodeò or 

starting point must be chosen, which we assigned as the radial glia population. Monocle3 

then measures the distance between the starting points of each cell to the root and 

calculates a pseudotemporal value that represents the distance between a cell population 

of interest and the starting point. After choosing the radial glia root node, 24 104 DEGs 

were identified to fit along the pseudotemporal trajectory with time-dependent expression 

(FDR <0.05). The unsupervised clustering of these genes resulted in 44 total pseudotime 

modules, which were used to produce the pseudotime UMAP partition plot in Fig. 15. 

The pseudotime partition plot mirrored the maturation trajectory that is expected of the 

developing brain, beginning with radial glia populations, and branching off into various 

post mitotic neural subtypes, each with a higher pseudotime value across the 

differentiation trajectory.  

Given the consistencies between the differentiation state and cell type, we proceeded 

to quantify the pseudotime distributions to get a broad idea of cell type emergence. We 

found that the aggregate distribution between genotypes was significantly different by the 

KolmogorovïSmirnov test (p < 2.2e10-16), suggesting changes in the developmental 

trajectory. In case a specific cell type may be driving this change in trajectory, we 

stratified the pseudotime data by individual cell types (Supplementary Fig. 7). We found 

that all but the mesenchymal-like cell populations had significantly different cell 

trajectories when analyzed independently, with the most significantly altered cell type 
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being the non-telencephalic hindbrain excitatory neurons (p < 2.2e10-16, pseudotime 

distance (D) = 0.21562). Table 3 provides a ranked list of affected cell types.  

 

Table 3: Ranked list of cell type-specific pseudotemporal changes in 15q13.3 D120 

UNOs. 

Statistics derived from Asymptotic two-sample Kolmogorov-Smirnov test, two sided.  

 

/Ŝƭƭ ¢ȅǇŜ tǎŜǳŘƻǝƳŜ ŘƛǎǘŀƴŎŜ 
ǾŀƭǳŜ 

t ǾŀƭǳŜ 

bƻƴπǘŜƭŜƴŎŜǇƘŀƭƛŎ ƘƛƴŘōǊŀƛƴ ŜȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎ лΦнмрсн ғ нΦнŜπмс 

wŀŘƛŀƭ Ǝƭƛŀ лΦмуоун ғ нΦнŜπмс 

!ǇƛŎŀƭ ǊŀŘƛŀƭ Ǝƭƛŀ лΦморуо ҔнΦнŜπмс 

bƻƴπǘŜƭŜƴŎŜǇƘŀƭƛŎ ƳƛŘōǊŀƛƴ ŜȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎ лΦммфп ҔнΦнŜπмс 

/ŀƧŀƭ wŜǘȊƛǳǎ ŎŜƭƭǎ лΦмнфло пΦпсоŜπмп 

LƴǘŜǊƳŜŘƛŀǘŜ ǇǊƻƎŜƴƛǘƻǊǎ ŀƴŘ ŜȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎ лΦлффонт нΦнопŜπмм 

9ȄŎƛǘŀǘƻǊȅ ƳŀǘǳǊŜ ƴŜǳǊƻƴǎ лΦлфторр пΦнуŜπлф 

hƭƛƎƻŘŜƴŘǊƻŎȅǘŜ ǇǊŜŎǳǊǎƻǊǎ лΦнрлпп мΦутнŜπлт 

/ȅŎƭƛƴƎ ǊŀŘƛŀƭ Ǝƭƛŀ лΦлфсмоп мΦотуŜπлр 

LƴƘƛōƛǘƻǊȅ ƴŜǳǊƻƴǎ лΦлтфтрр пΦлоŜπлр 

 

We decided to further examine excitatory and inhibitory neuron emergence, as both 

cell types are required for the formation of cortical circuits in the developing brain. We 

examined the mature excitatory neurons over the non-telencephalic cell types, as they 
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more closely resemble the expected cell types of the cortex. After confirming significant 

changes to the pseudotemporal distribution of this cell type (p =4.28e-09, pseudotime 

distance (D) = 0.097355), we assessed the temporal modules for gene clusters that were 

enriched in mature excitatory neurons. We identified three distinct clusters (cluster 14, 

18, and 19, Fig. 17B) and proceeded to examine cluster 19 due to its specific expression 

in the excitatory mature neuron cluster (Supplementary Fig. 8A). We classified the 

modules based on GO term enrichment, where synaptic signalling was assigned as the 

module identifier. We then tested to see if the genes within the module were significantly 

different between genotypes by performing a Wilcoxon test and found a significant 

increase in the aggregate gene expression in the 15q13.3del excitatory mature neurons 

(Fig. 16, p = 9.161339e-63). We also probed the gene set and confirmed a significant 

increase in ASD-risk genes SYNGAP1, NRXN1, and CACNA1G. We noticed that NRXN 

was also one of the over-represented signaling pathways reported in our previous 

CellChat analysis and assessed for the putative signaling network using the circle plot 

function. We found that, consistent with the pseudotime inference, the CellChat analysis 

also predicted an increase in general NRXN signaling between multiple cell types, with 

apical radial glia, inhibitory neurons, and excitatory mature neurons showing the most 

apparent increases (Fig. 18). 

We then repeated the same analysis for the inhibitory neuron population, in which 

there was also significant differences in pseudotime distribution (p = 4.03e-05, 

pseudotime distance (D) = 0.079755). We observed a highly specific gene module 

(module 37, Supplementary Fig. 8B) from the heatmap and found it to also be 

associated with synaptic signalling, however, it was more specified to GABAergic 
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signalling and transmission. Using the inhibitory neurons, we assessed the differential 

gene expression of module 37 genes and found it had the opposite trend than the 

excitatory mature neurons, in that there was a decrease in GABAergic signaling in the 

15q13.3del inhibitory neurons (Fig. 17). We then confirmed the reduction of multiple 

GABAergic modulators in the 15q13.3del inhibitory neurons, including GAD1, SLC6A1, 

and ERBB4 (a receptor highly enriched in PV interneurons).  

We returned to CellChat to visualize significant (p <0.05, one-sided permutation test) 

ligand-receptor pair expression between the inhibitory neurons and remaining cell types 

to see if the pseudotime predictions (reduced GABAergic signaling) were reflected by 

inferences made by CellChat. We could not detect any significant changes involving 

GABA; however, we were surprised to find several significant reductions in NRXN-

NLGN ligand-receptor signaling (Fig. 18). This included NRXN 1-3 expression in the 

inhibitory neurons (acting presynaptically), and NLGN 1-3 in the remaining cell types (as 

the postsynaptic ligand), with the biggest difference between homotypic inhibitory-

inhibitory interactions. We then visualized the normalized expression of the NRXN 

receptor and ligand in each cell type, confirming a decrease in the inhibitory neurons, 

with NRXN3 as the most prominent reduction. Importantly, and in agreement with the 

pseudotime analysis, we also saw an increase of the NRXN receptors amongst the 

excitatory mature neuron population, further bolstering the idea of excessive excitatory 

neuron signaling.  

The possibility of 15q13.3del E/I imbalances at the synaptic level supports the 

epileptic phenotype observed in patients and mouse models but has not yet been 

characterized in human E/I cocultures or organoid models. Instead, the majority of 
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15q13.3 literature has focused on excitatory cortical neurons, which have generally 

shown immature functional phenotypes in mice. In contrast, human 15q13.3.del NGN2 

glutamatergic-like neurons show early hyperexcitable phenotypes followed by a 

reduction in activity, suggesting that the neural activity phenotypes may be more 

complex in a human background, calling for more precise human modeling.  

 

3.4 Chapter summary and considerations 

  

This study represents the first exploration of early neural development and cell type 

emergence in a human 15q13.3del background. We exploited an unbiased neural 

organoid model for its ability to spontaneously produce progenitors and mature neural 

cell types from multiple brain regions, where we found changes in early radial glia 

population and the ventricular-like rosette structures that they occupy. After maturing the 

model further and enabling these radial glial cells to mature into more diverse neural 

subtypes, we identified altered pseudotemporal trajectories of the principal neurons that 

populate the cortex: excitatory neurons and inhibitory interneurons, and later predicted 

disrupted and inverse changes to their synaptic transcriptomic signatures. We then sought 

to examine communication more broadly, and by using a predictive cellular 

communication platform we identified global change is intercellular communication, and 

in particular of nectin and ephrin signaling. 

The model system and analyses featured in this chapter are not without their caveats, 

however. The use of inference-based platforms such as a CellChat and pseudotime 

analysis require rigorous validations, both functionally and on the protein level to hold 

biological meaning. Due to the loss of spatial information in scRNA Seq, predicted 
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changes between two cell types (such as the proposed changes to E/I dynamics) require 

functional validations of their physical circuits, including recordings of baseline activity 

and following stimulation of the presynaptic cell.  

Given the stochastic nature of UNO cell differentiation, heterogeneity is inherent in 

the system and only increases as the organoids mature and differentiate further. The 

diversity in cell types makes circuit phenotyping difficult, as the proportion of altered cell 

types such as excitatory mature neurons and inhibitory neurons can be diluted or out-

competed by non-telencephalic neural populations. In addition, UNO models do not 

provide the signaling cues and microenvironment necessary for directed interneuron 

migration, which is a developmental milestone that largely shapes circuit function in the 

cortex and is worth assessing in this genetic background.  

An alternative to UNO modeling that produces more pure populations of the intended 

neural cell type are guided neural organoids, which can be generated by adding patterning 

factors that direct the organoid towards a particular lineage or brain region. Using this 

system, we will better characterize abnormalities that are specific to excitatory and 

inhibitory neurons and combine them into assembloids to assess the circuit development 

and intercommunication between the two cell types.  
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3.5 Chapter 3 Figures 

 

 

Figure 4: Organoid models and technical approaches. 

Patient cohort comprised of 15q13.3 microdeletion patients and familial controls is used 

to generate human induced pluripotent stem cells (hiPSCs) and later 3D neural organoids 

for trajectory phenotyping.  
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(A) Schematic of 15q13.3del cohort used for unguided neural organoid (UNO) 

phenotyping.  

(B) Unguided neural organoid protocol requires three core steps: embryoid body (EB) 

formation, embedding in Matrigel, and neuroepithelial budding. Bovine fibroblast growth 

factor 2 (bFGF), (N2), retinoic acid (RA), Y-27632 (Rock inhibitor, iROCK). 

(C) Representative 4x brightfield images of day 40 15q13.3del UNOs from families 1-4 

and measured surface area (combined data, (WT 1 n = 14-18, HET 1 n = 15-19/patient). 

Data analyzed by two-tailed studentôs t-test, *** p < 0.001, values represent mean ± 

S.E.M. 

Figure 5: 15q13.3del unguided neural organoids (UNOs) show an increase in organoid size. 
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Figure 6: 15q13.3 unguided neural organoids display size differences and reductions 

in cell density that are not due to proliferation changes at one month of growth. 

 

(A) (Top) Representative 20x images from Day 40 BrdU-pulsed15q13.3 cerebral 

organoids (Bottom) quantification of double positive Ki67+BrdU+ cell populations, cell 

cycle exit (Ki67-BrdU+) and DAPI+ nuclei density; Control n = 9 ventricles, 15q13.3 

proband n= 12 ventricles across 3 organoids from families 1-3.  

(B) (Top) Representative DAPI+ nuclei traces processed in CellProfiler and (right) 

quantification of nuclei density. Data analyzed by two-tailed studentôs t-test, n.s. = 

nonsignificant, * p <0.05, *** p < 0.001, values represent mean ± S.E.M. 
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Single cell sequencing (scRNA Seq) of three 15q13.3del families includes tissue 

dissociation at two timepoints, followed by library generation, mRNA sequencing, and 

read alignment to the human genome. Seurat package was used for downstream 

processing of integrated dataset, which includes data normalization, cell clustering, and 

downstream analyses such as CellChat and pseudotime analysis. Analysis pipeline 

designed by PhD student Jarryll Uy.  

 

 

  

Figure 7: Pipeline schematic for processing and analyzing single cell RNA sequencing for 

unguided neural organoids. 
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Supplementary Table 1: Population cell counts in Day 40 UNO scRNA Seq. 

 

tƻǇǳƭŀǝƻƴ /Ŝƭƭ Ŏƻǳƴǘ 

wŀŘƛŀƭ Ǝƭƛŀ млллф 

wŀŘƛŀƭ Ǝƭƛŀ ƛƴ { ǇƘŀǎŜ нмсл 

bƻƴπǘŜƭŜƴŎŜǇƘŀƭƛŎ ŜȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎ  прут 

LƴǘŜǊƳŜŘƛŀǘŜ ǇǊƻƎŜƴƛǘƻǊǎ нттр 

9ȄŎƛǘŀǘƻǊȅ ƳŀǘǳǊŜ ƴŜǳǊƻƴǎ мнтс 

aŜǎŜƴŎƘȅƳŀƭπƭƛƪŜ ŎŜƭƭǎ мнтм 

!ǇƛŎŀƭ ǊŀŘƛŀƭ Ǝƭƛŀ мнон 

wŀŘƛŀƭ Ǝƭƛŀ ƛƴ Dнa ǇƘŀǎŜ мутр 

LƴǘŜǊƳŜŘƛŀǘŜ ǇǊƻƎŜƴƛǘƻǊǎ π { ǇƘŀǎŜ тру 

bƻƴπǘŜƭŜƴŎŜǇƘŀƭƛŎ ƴŜǳǊŀƭ ǇǊƻƎŜƴƛǘƻǊ 
ŎŜƭƭǎ 

мтор 

9ȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎ мтор 

/ŀƧŀƭπwŜǘȊƛǳǎ ŎŜƭƭǎ пмт 

¦ƴƪƴƻǿƴ соф 

¢ƻǘŀƭ олпсф 
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(A) Day 40 UMAP plot (0.15 resolution, Control N = 13 475 cells, 15q13.3del N = 16 

260 cells) across 3 families. a/RG/S/G2M (apical/radial glia/interphase/G2-Mitosis), OPC 

(oligodendrocyte precursor cell), ExM (excitatory mature neuron), IP/S (intermediate 

progenitor/in interphase), NPC (neural progenitor cell), CR (Cajal-Retzius) cells, unk 

(unknown).  

(B) UMAP visualization of cell population densities filtered by genotype.  

(C) (Left) Cell proportion test and (right) point-range plot from permutation test results 

with bootstrapping for cellular proportions. Dashed line represents FDR < 0.05 and 

absolute Log2 fold change > 0.58. 

(D) Aggregate mRNA expression of SOX2 transcript stratified by genotype.  

(E) GO enrichment analysis of apical radial glia downregulated DEGs shows enrichment 

for neurogenesis and cell projection (FDR <0.05). 

(F) STRING visualization of neurogenesis-associated genes (FDR = 5.68e-16) also share 

enrichment for cell adhesion (FDR = 0.0019) 

  

Figure 8: Immature unguided neural organoids display an increase in radial glia 

populations with reductions in neurogenesis-associated pathways. 
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(A) UMAP visualization plot of normalized SOX2 mRNA expression.  

(B) Aggregate mRNA expression of SOX2 transcript stratified by genotype (p < 0.001, 

non-parametric Wilcoxon rank sum test). 

(C) (Top) Representative 20x images from Day 40 15q13.3del UNOs Families 1-4. 

(Bottom) quantification of rosette area, proportion of TBR1+ newborn neurons within 

organoid rosettes, and proportion of rosettes with circular formation. Control = 11 

rosettes, N 15q13.3del = 13 rosettes. Data represent mean 3%- in organoid slices; 

**p<0.01, ***p<0.001; studentôs unpaired t-test.  

 

 

 

 

 

Figure 9: Radial glia dynamics are altered at the structural level in 

15q13.3del UNOs. 
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Figure 10: Mature 15q13.3 unguided neural organoids retain increases in size and 

reductions in DAPI+ nuclei density. 

 

(A) Schematic of single cell experiment at day 120 timepoint. 

(B) Representative 4x brightfield images of day 90 15q13.3del UNOs from family 3 and 

5, and measured surface area (combined data, (WT 3/5 n = 10, HET 3/5 1 n = 9).and 

measured surface area.  

(C) (Left) Representative DAPI+ nuclei traces processed in CellProfiler and (right) 

quantification of nuclei density from three 15q13.3del families. Data represent mean 

3%- in organoid slices; *p<0.05, ***p<0.01, ***p<0.001; studentôs unpaired t-test.  
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(A) Schematic of single cell experiment at day 120 timepoint. 

(B) Day 120 UMAP plot (0.15 resolution, Control N =31 784 cells, 15q13.3del N = 3 

6671 cells) across 3 families. a/o/RG/c (apical/outer/radial glia/cycling), OPC 

(oligodendrocyte precursor cell), ExM (excitatory mature neuron), IP and ExN 

(intermediate progenitor and excitatory neurons), Non-tel ExN ï Hind (non-telencephalic 

hindbrain excitatory neuron), Non-tel ExN ï Mid (non-telencephalic midbrain excitatory 

neuron), , InhibN (inhibitory neuron), IP (intermediate progenitor), IP-InhibN (inhibitory 

intermediate progenitor), CR (Cajal-Retzius) cells. 

(C) UMAP representation highlighting normalized gene expression of 15q13.3 genes 

KLF13, FAN1, OTUD7A, CHRNA7, and MTMR10. 

 

 

 

 

  

Figure 11: Mature unguided neural organoids produce diverse neural populations 

that express the 15q13.3 genes. 
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Supplementary Table 2: Population cell counts in Day 120 UNO scRNA Seq.  

 

tƻǇǳƭŀǝƻƴ /Ŝƭƭ 
/ƻǳƴǘ 
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bƻƴπǘŜƭŜƴŎŜǇƘŀƭƛŎ ƳƛŘōǊŀƛƴ ŜȄŎƛǘŀǘƻǊȅ 
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ƴŜǳǊƻƴǎ 
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LƴǘŜǊƳŜŘƛŀǘŜ ǇǊƻƎŜƴƛǘƻǊǎ ŀƴŘ ŜȄŎƛǘŀǘƻǊȅ 
ƴŜǳǊƻƴǎ 
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Figure 12: Validation of scRNA Seq DEG and OTUD7A interactor, ANK3. 

(A) Day 120 UMAP plot (0.15 resolution, Control N =31 784 cells, 15q13.3del N = 3 

6671 cells) across 3 families. a/o/RG/c (apical/outer/radial glia/cycling), OPC 

(oligodendrocyte precursor cell), ExM (excitatory mature neuron), IP and ExN 

(intermediate progenitor and excitatory neurons), Non-tel ExN ï Hind (non-telencephalic 

hindbrain excitatory neuron), Non-tel ExN ï Mid (non-telencephalic midbrain excitatory 

neuron), , InhibN (inhibitory neuron), IP (intermediate progenitor), IP-InhibN (inhibitory 

intermediate progenitor), CR (Cajal-Retzius) cells. 

(B) UMAP representation of normalized gene expression of ANK3.  

(C) Aggregate mRNA expression of ANK3 (Ankyrin-G) transcript stratified by genotype 

(p < 0.001, non-parametric Wilcoxon rank sum test).  

(D) ANK3 protein is reduced in 2-month 15q13.3 family 3 UNOs. N = WT n = 4, 

15q13.3 HET proband = 5. Data analyzed by two-tailed studentôs t-test, n.s = 

nonsignificant, * p <0.05, *** p < 0.001, values represent mean ± S.E.M. 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

78 

 

 



                            Ph.D. Thesis ï S. Kilpatrick; McMaster University ï Biochemistry & Biomedical Sciences 

79 

 

 

 

(A) Schematic of CellChat and pseudotime processing adapted from Jin et al., 2021 

Nature Communications. 

(B) CellChat predicts reductions in 15q13.3del 4-month UNOs interaction number and 

strength. (Top) bar plots of weighted interaction number and strength for the predicted 

ligand-receptor interactions in aggregate. (C) Heatmaps show the signal intensity 

(relative strength) of each pathway in each cell type for outgoing or incoming signaling 

(y axis = sender/ligand, x axis = recipient/receptor). 

  

Figure 13: CellChat analysis predicts global deficits in cell-cell 

communication in mature 15q13.3del unguided neural organoids. 
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Figure 14: Deficits in cell adhesion pathways and communication are predicted in 

aggregate and in a cell type specific manner. 

(A) Rank similarity plot shows overrepresentation of common cell adhesion pathways 

aggregate cellular communication based on joint manifold learning. EPHA (Ephrin-A), 

EPHB (Ephrin-B) 

(B) Circle plots of top adhesion-based cell-cell signaling pathways show aggregate and 

cell-type specific changes in cell adhesion signaling. Circle size and edge width are 

proportional to the number of cells in each cluster and the communication score between 

interacting cell clusters, respectively. 

(C) REVIGO treemap plots of over-represented gene ontology terms in downregulated 

gene sets show enrichment for cell-adhesion biological pathways.  
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(A) Pseudotime UMAP partition plot of cell trajectories, chosen root node = radial glia 

cluster. 

(B) Pseudotime ridge plot reveals abnormal cellular trajectory density amongst 

15q13.3del cell types in aggregate (KolmogorovïSmirnov test p = 2.2e10-16) 

  

Figure 15: Mature unguided neural organoids have global changes in pseudotemporal 

trajectories. 
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(A) Pseudotime ridge plot reveals abnormal cellular trajectory density amongst 

15q13.3del cell types in aggregate (KolmogorovïSmirnov test p = 2.2e10-16) and 

amongst excitatory mature neurons (p = 4.28e-09)  

(B) Heatmap of pseudotime modules based on aggregate DEG expression with 

highlighted excitatory neuron-specific (black box) modules 14, 18, and 19.  

(C) Gene modules associated with synaptic signaling are enriched in 15q13.3del 

excitatory mature neurons (Module expression score 15Q_WT = 0.6625506, 15Q_HET = 

0.9431373, Wilcox test, p = 9.161339e-63).  

(D) Genes within synaptic transmission module are increased in 15q13.3del excitatory 

mature neurons (Wilcox test, CACNA1G (p= 8.421278e-41), NRXN1 (p = 1.982136e-

18), SYNGAP1 (p=7.984738e-53).  

  

Figure 16: Excitatory mature neurons have enrichment for synaptic signaling gene modules. 
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(A) Pseudotime ridge plot reveals abnormal cellular trajectory density amongst 

15q13.3del cell types in aggregate (KolmogorovïSmirnov test p = 2.2e10-16) and 

amongst inhibitory neurons (p = 4.03e-05)  

(B) Heatmap of pseudotime modules based on aggregate DEG expression with 

highlighted inhibitory neuron-specific (black box) modules 15, 27, and 37.  

(C) Gene modules associated with GABAergic transmission are reduced in 15q13.3del 

inhibitory neurons (Module expression score 15Q_WT = 2.379354, 15Q_HET = 

1.497246, Wilcox test, p = 1.495263e-101). 

(D) Genes within GABAergic transmission module are decreased in 15q13.3del 

inhibitory neurons (Wilcox test, GAD1 (p= 1.257692e-34), SLC6A1 (p=8.09127e-09), 

ERBB4 (p = 3.245731e-33). 

 

  

Figure 17: GABAergic transmission modules are disrupted in 15q13.3dle inhibitory neuron 

populations. 
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