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Abstract

The 15g13.3microdeletions acommongeneticdisorderassociateavith multiple
neurodevelopmentalisorderancludingautismspectrundisorder epilepsy,and
schizophreniaPatientshavediverseclinical presentationsyften promptinggenetic
assayshatidentify the CNV in theclinic. This late-stagescreenindeavesa considerable
gapin ourunderstandin@f the prenatalndprediagnostidevelopmentaimpairmentsn
theseindividuals,providingabarrierto understandinghe diseasgathobiology We
providethefirst investigationinto embryonicbraindevelopmenof individualswith the
15913.3microdeletionby generatingnultiple 3D neuralorganoidmodelsfrom the
largestclinical cohortin reportediterature We incorporatedinguidedand guided
forebrainorganoidmodelsinto our multi-transcriptomighenotypingpipelineto uncover
changesn cell typeemergencanddisruptionsto circuit developmentall of which had
underlyingchangedgo cell adhesiorpathways.

Specifically,we identified accelerategrowthtrajectoriesn 15q13.3delinguided
neuralorganoidsandusedsinglecell RNA sequencindo identify changesn radialglia
dynamicgthataffectneurogenesidVe measuread¢hangesn the pseudotemporal
trajectoryof maturedunguidedneuralorganoidsandlateridentified disruptionsin
synapticsignalingmodulesamongsthe primary constituent$o neuralcircuitry,
excitatoryandinhibitory neurons.

We leveragedlorsalandventralforebrainorganoidmodelsto betterassessircuit
dynamicsastheyfaithfully producethe excitatoryandinhibitory neuronsn the pallium
andsubpallium respectivelyWe thenusedthe entire15q13.3detohortandperformed

bulk RNA sequencingn eachtissuetype at two timepointsanddiscoveredconvergence



ontranscriptionabdysregulatioranddisruptionsto humanspecificzinc finger proteins
localizedto chromosomd 9. We alsoidentified cell type-specificvulnerabilitiesto DNA
damagendcell migrationamongsthe dorsalandventralorganoidsrespectivelywhich
wasconsistentvith the excitatoryandinhibitory neuralsubpopulationamongsthe
unguidedneuralorganoidsscRNA Seq respectively.

We thenexaminedheuronmigrationin a 3D assembloidnodelby sparsely
labelingdorsatventralforebrainorganoidsfrom multiple genotypelineagecombinations.
Light sheetmicroscopyidentified deficitsin inhibitory neuronmigrationand
morphology but not migrationdistance suggestinga complexdisruptionto cortical
circuitry. This novelcombinationof cell type characterizatiorpathwayidentification,
andcircuitry phenotypingprovidesa novel perspectiveof howthe15q13.3deletions
impair prenataldevelopmenandcanbeappliedto otherNDD modelsto leverage

understandingf early diseasgathogenesis.

Keywords

Neurodevelopmentalisorders hiPSCmodeling Brain organoids,Singlecell RNA

sequencingBulk RNAsequencingTissueclearing, Light-sheetmicroscopy



Summary for Lay Audience

The development of the human brain is a highly complexighty regulated
processhat requires the participation of multiple cell types throughout development.
Disturbances tthe emergence, differentiation, or placement of these cell types can cause
disruptionsand local miswiringdf neural circuits, which is often associated with
neurodevelopmental disorders (NDDBle 15913.3 microdeletion syndrome is a highly
complex condition associated with multip®Ds andhas seldom been studied in a
human cotext. To address this,emusedstem cellgderived from a5q13.3microdeletion
syndromecohort and their typically developing familial contrtdsyenerate unguided
(Awhol e br a-dspedfi¢ organoids ta irvesiigatenearly fetal development

across time.

We used the largest 15g13dcrodeletioncohort in reported literature to identify
shared disruptions early developmental milestones such as neurogenesis, neural
migration, and neural patterning. We identifesgpansion ofpecific cell populations,
including progenitasthat later give rise to mature neuroAbnormalitiespersisted in
more matureell populationsincludingtheinhibitory neurongesponsible for
establishing critical microcircuitry in the human cortBy.generating guided organoids
that enrich for excitatory and inhibitory neural populations, we were able to merge the
models to form ssembloidswhere we captured early migratory and morphological
deficits in inhibitory neuron populationshich is supported bthe multitranscriptomics
experimentgperformed irboth organoid model3his study provides a framework for
examining fetal development in a neurodevelopmental disorder coBteusingthe

15g13.3 microdeletion background, we found novel disruptions in cell type emergence



and circuit formation previously unreported in mouse or 2D neuron mdugigighting

the utility of the phenotyping platform for disease modeling.

Vi
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migrating neurons detectable with light sheet microscopy.
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1 CHAPTEIRNTRODUCTI ON

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 ehaumglationit will

fold into the neural tube and later give rise to the central and peripheral nervous systems
(CNS and PNS, respectivelyAs the neural tube closes, discrete regionalization occurs
along the anterieposterior axis to form brain regions such as the forebrain, midbrain,

and hindbrain, which can be further divided within their devsaitral compartments.

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

that drive neural fate and céylpe specificatio.?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
rapdly 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*° RGCs accumulate in the ventricular zone (VZ) of the of the

developing embryo, which is located above the ffilldd ventricular systems of the

neural tube. RGCs within the VZ divide asymmetrically to produce one radial glia
daughter cell and either antenmediate 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 (0SVZ) is

1
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a primatespecific region that lies above the SVZ and greatly contributes towards primate
(and specifically human) cortical expansfofihese ventricular zones produce primarily
excitatoryneuronshowever, recent studies have suggested that a small subpopulation of
inhibitory neurons are derived from cortical progenitors in early human develapihent
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 neuraltojredi

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 layefrhese 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 distanseo reach the cortéx

Cortical excitatory migration occurs radiabnd is facilitated by radial glia
progenitorghatprovidea scaffoldfrom the base of the ventricular zone to the upper pial
surface which newborn neurons can travel along to their intended cortical TEyer.
lamination of thecortex occursn an insideout fashion, with the lower layers produced
first, followed by upper layers. In this wafe older neurons can influenttee migratory
paths of newborn neurotisrough synaptic interactions asdcretion of signaling factars
an example being the Reelmitting CajalRetziuscellsthat helpguide latetborn

projection neurons in the corté&The older neurons also participate in subcortical circuit
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development by extendirgentimeers-long neuronal projections that interact with brain
regions such as the thalarmargd 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 tedow
preplate; after which they switch to radial migration that is perpendicular to the cortical
plate and guided by radial giid! 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 garmamainobutyric acid (GABA). Most cortical
inhibitory neurons are GABAeigand can be further classified based on the expression
of cellularly-distinctgenessuch 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. Neunanigration 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 netfifiseurotrophins, semaphorins, and Slit
proteing®!® have all been implicatdd 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 pathfindingcafianigration. Motogenic
factors such as Reelin can also stimulate a neuron into a migratory state and are released
in a celttype specific mannéf 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 motiligndnavigation ultimately resuling in disruptions

in the intended circuitry between cell types.

1.2 Neurodevel opment al di sorder
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), attentiontdefici
hyperactivity disorder (ADHD), and schizophrenia (SCZ), of which many individuals
have overlapping symptomatology or comorbidifi&€ The global prevalence of these
NDDs has increased over the yeir& which can largely be attributed to improvements
in clinical diagnostics and more precise inclusion crit€tf Despite these
improvements, the underlying pathology 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 disordéASD) was first identified irl925, when it was first
described as a form of childhood schizophrenia. The initial diagnostic criteria included
impairments in social interactions and repetitive and restribdviours antiassince
evolved to include impairments in sensory processing and responses to environmental

stimuli. Changes in diagnosticethodshave 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 neerbal individuals to mild intellectual
impairments. The complexity of the disorder is furthered by the numbenairbidities,
including epilepsy and seizure disorders (up to 38%bitellectual disability (over 30%),
ADHD (48%)?’ gastrointestinal disorders-0%), 28 anxiety(over 25%)and depression

(%20-30).2°

1.2.2  Epilepsy

Epilepsy and related seizure disorders are chronic neurolaligoatlershat
impact as many &0 million individuals globally*® Seizureslescribe changdo
neurological and/or bodily functiomesulting 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 classitiee@to
groupsbased on the coveragébrain regions affected at the onset of the seizure
generalizedaffecting regions across hemispherfespl (formerly called partigl
affecting only a region of the brgirandepilepsies with unknown onsé&eneralized
seizures can be further subclassifieded on the external presentation of the seizure, and
includeabsencgtonic-clonic, myoclonic, and atongeneralized onset seizures. Absence
sei zur es ( f o roften aflect chifirereand ate typically brief experiences of
altered consciousness and staring episodes, which can go unnoticed by the individual
experiencing the seizuf&%?Roughly 70% of epilepsies can be treated with
pharmacological intervention, while the remaining population is considered refractory

antiepileptic medicatioand may require surgical interventighClinical assessments
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must therefore be rigorous and explore the etiology from a structural and genetic

perspectivdor effective treatments.

1.3 Genetics of NDDs

The above descriptions of just two neurodevelopmental disorders can make one
appreciate thehenotypic diversitynd 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 atadies
consorta have identifieccausative genes and overlapping molecular processes to be
implicated in these disordet$34including synaptigpathwaysand gene regulatory
networks.The overabundance of implicated NDD risk genes calls for more sophisticated
interpretations of the data, which benefit from pairing multiofgenong, transcriptome
epigenone, and proteomeand computational approaches (predictive modeling) to better

elucidate convergent pathways and underlying disease pathobitlogy

1.3.1  Rare inherited and de novo variants.

Twin studies were the first indicatof a genetic componerih NDDs,3% 40 with
heritability estimatesf roughly 8@ (ASD),*! 64-81% (SC2)**44 androughly 30%
(epilepsy.* 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 penetrae 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, rafieherited, orde novovariants of the diseasessociated
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genesCommon genetic variants are present in @rex percendf the human population
and affect genes with individually small effect sizes. Variants in these tygneally

take the form of single nucleotide variants/polymorphisgt${s/SNPs) anddo not face
selective pressure in part because they have a low mutational ftttehereas rare
variants display more Mendelian patterns of disease inheritance and include more
vulnerable genes with a high mutational burtfétt Both rare and common variants can
be inherited, whereate novovariants occur in the germline and are specific to the
individual. De novovariants are often the most penetrant in NDD populations, as they
have a high degree of selective pres§timwever they represent roughtyvo percent

of variance liability of NDDs like AS[3? suggesting that inherited mutations are more
common.Outside of SNPs,anpomic variationgan include structural variants such as
copy number variants (CNV.s¥>3%8 of which a greater burden dé novoeventsis

observed in NDD populations such as individuals with 5D

1.3.2  Copy number variants (CNVSs).

Copy number variations are insertions and deletions of contiguous genomic
content that range from i 3 Mb in siz€% 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 reygeels
contain repetitive segments of roughly 50 apd retrotransposon insertions. It is
estimated that 4:8.5% of the human genome contributes towards GNwad that
nucleotide content of CNVs per genome exceeds SNVs in global populations, suggesting
the evolutionary role of CNV& 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
environment$! 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 ancestor®¥%3and due to the evolutionary role of these regions, disruptions in
their copy number are often associated with NDDs in a pleiotropic maenene CNV
may confer risk to multiple NDDs. Ov@0 NDD-pathogenic CNVs have been identified
within the last twadecades andan be either inherited generatedle novd®*5°

Generally, NDDpathogenic CNVs pose a greater disease risk or odds ratio (OR) than
common genetic variants by a factor of21@0,%%"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, suggedtiagother polygenic or environmental

factors influence neurodevelopmental disord&f8

1.3.3 The 159g13.3 Microdeletion syndrome.

The long arm of chromosome 15 is one of the least stable regions of the human
genome and is highly susceptible to CN¥sch as the 15g13.3 microdeletion
(chr15:30,910,30832,445,407.5° 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 > l&pilefpsy
casesodds ratio of 687%), SCZ(odds raticof 11), ASD (less commoand amongst 10
30% of individualy and intellectual disabilitgroughly 50%)°%72The instability of the
region is in part due to the presence of many low copy repeats clustering into segmental

duplications of th&OLGAgene, which arose during a hurrgrecific expansion
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roughly 0.50.9 million years ag8®’%"3’“The GOLGArepeats are mapped to each of the
seven fAbreak pointso within the region, of
deletion of 1.52 Mb of genomic contenf{g. 1). Deletionstypically present as

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

15913.3 microdeletionases andthclude more severe neurodevelopmental impairments
including neonatal encephalopatfy® This NDD-pathogenic CNV is referred to as the

15913.3 microdeletion syndrome, a heterogeneous group of disorders ranging from

epilepsy, ASD, ID, ADHD, and schizophrerfia* ’® The complexity of these clinical
presentations has made treatment difficult, often targeting the core symptoms rather than

the underlying etiologpf the disorder.
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Figure 1. Genomic breakpoints of the 15q13.8cus.

Schematic diagram showing the location of the human 15g13.3 locus and affected genes
within breakpoints (BP)-5 highlighted in green or red to show duplications and

deletions, respectively. Adapted fratats et al., Genetics in Medicine 20%6
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To delineate the pathophysiologfthe disorder, researchers have sought to ideswify
caledidr i ver g deletorssthat oontribttei stnongly to disease phenotypeth
multiple candidates emerging over the yewghin the deletion locus are several
proteincoding genes, includingifRHGAP11BTRPM1, FAN1, KLF13, MTMR10,
OTUD7A, CHRNAT7as well one micrdRNA, microRNA211, and two putative
pseudogene$,0C10028863aAndLOC283710Of these genes, nested deletions have
been reported to encompass cBKRNA7andOTUD7Aand have influenced their

candidacy as driver genaaderlyingthe 15q13.3 microdeletion syndrome.

1.3.3.1 CHRNAY

CHRNA7was 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 th
a ligandgated 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 voltagiependent calcium channels to induce calciueese
from organelles such as the endoplasmic reticfth? n AChRs a+mstl ocat ed
and extrasynaptically, and depending on the cell type expression they can facilitate the
release of neurotransmitters such as glutamate, GABA, acetylcholine, and dopamine.
CHRNA7variants 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 neurodegener
Importantly, treatmen wi t h U7 nAChR agapteric medulaorsand posi t

(PAMSs) havebeenshown to have clinically relevant improvements in NDD populations,

11
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including increases in cognition and reductions in negative symptoms in schizophrenic

populations?:83

Recent evolutionary expansion of iGeIRNA7gene has resulted in partial
duplication and insertion of exonsl® into a region 1.6 Mb upstream, causing the
interruption of two other genes. The fusion gene prodildRFAM7Ap ar t i ci pat es i
subunit assembly to negatively regulate channel function. This fusion gene product and
regulation ofCHRNA7is a humarspecific event and cannot be recapitulated in other
mammalian models, which may underly the mild synaptic and absent behavioural
abnormalities seen i@hrna7KO mice.In addition, studies have showmtRIC3 a
chaperone required for biogenesis and trafficking of a7 nAChiRstiors differently in
humanvs.mouse mode|nly the latter appears to ladfected CHRNA7 concentration

dependentfurthersuggestindiumanspecific propertiesf CHRNA7function®

1.3.3.2 OTUD7A

OTUD7A(OTU deubiquitinas&A) is adeubiquitinatingenzymefrom the
ovariantumourproteinfamily whoseexpressions limited to the brainandtestis.Of all
thegenesn the15g13.3locus,0TUD7Aexclusively possesses brairtical exons, and
is least tolerant to loss of function mutatiSA© TUD7Ahas more recently been
proposed as a drivef the 15913.3 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 deléti®Multiple publications have shown
that ASD and SCZassociated variants dDTUD7Alikewise produce dendritic spine
deficits, indicating its broad role in NDDs. Despite this, the neural functiQiTafD7A
is not fully characterized. Proximity proteomics revealed localization of OTUDTie

12



Ph.D. Thesi$ S. Kilpatrick; McMaster University Biochemistry & Biomedical Sciences

dendritic spines and axons of glutamatergic mouse neurons, as well as interactions with a
key regulator of the axon initial segment, Ankyrin BNK3/AnkG).8> Molecular studies

in Otud7aKO mice havebeenshown to recapitulate the dendritic abnormalities as well

as behavioural deficits of 15013.3 moB&h15q13)/+)and human models, suggesting

its candidacy as a primary driver gdoethe deletion.

1.3.3.3 KLF13

KLF13encodes a Kippeldomain zinc finger (ZnF) transcription factor that
targets G@ich sites and CACCC boxes in the gendi¥f€ KLF13 function is best
characterized in the heart, where it serves as a transcriptional acbivatany genes
essential for cardiac differentiation and morphogen&si13 variants are associated
with congenial heart defects with considerable penetf&itend KD of the protein in

Xenopusnodels have major hdanalformations.

Outside of the hearKLF13is one of the few 15g13.3 genes expressed in the fetal
mouse ganglionic eminence, where it has been shown to play a role in mediating the
proliferation of CGE and MGHerived interneuron precurso¥sUsing mouse
hippocampal primary neurons and CRIS@dRted human cell lines, KLF13 has alsmen
identified as a mediataf NPC proliferation, axonogenesis, and transcriptional
regulation of the JAK/STAT pathway °> Amongst oligodendrocytes, KLF13 interacts
with another Kiippeldomain transcription factor, KLF9, to activate known
oligodendrocytespecific regulatory domains and drive the differentiation and
myelination of primary oligodendroglial cultures. This is supported by a reduction in
myelin gene expression in early KL3-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

13
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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 th&%rain

1.3.3.4 FAN1

Fanconiassociated nuclease 1,FAN1, encodes a DNA repair enzyme thatps
preserve DNA stability in the CNS and in multiple peripheral tissues. The enzymatic
activity of FAN1 is quite broadas it contains both exand endonucleasgetivity to
target DNA structures that occas intermediates during DNA repair, including
displacementoops(D-loops) during homologous recombination (HR)amd f | ap br an
structures duringnterstrand crosslinking (I0L°"*® These structures can form in
response to DNA damage, and their prolonged presence can stall replication forks and
hinder DNA repir. FAN1therefore functions to cleave these structures to promote
replication forkrecovery anaénable repair to continu€hisroleis particularly evident in
FAN1knockdown (KD)studies, which show an increased sensitivity to drugs that induce

ICL and DNA damageas well as mild chromosomal instabilf®°

The contributions oFAN1 to neurodevelopment have only recently been made
apparentExome sequencing of NDD populations have identii@dN1as a risk gene for
ASD and SCZ2%%23 nd more recently for repeat expar
Disease and Fragile ¥*F AN16s abil ity to slow repeat p

have other unexplored roles in disease pathology.
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1.3.3.5 TRPM1

TRPM1is a visual transduction ion channel that is part of the melafretated
transient receptor potential (TRPM) subfamily. Protein expression is highly enriched in
theretina, and it ray play a role in melanin synthesismelanocytesMutations in
TRPM1lare associated with an autosomal recessive form of complete congenital
stationary night blindness, supporting the rol@BPM1las a driver gene behind the

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

1.3.3.6 ARHGAP11B

ARHGAP11B=ncodes the humaspecific protein Rho GTPase Activating Protein
11B, which emerged through partial duplication of ARHGAP11Ageneduring early
hominid evolution. The emergenceARHGAP11Bs 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 mg@ighereas loss of
ARHGAP11B in a human neural model results in reductions in basal radial glia
populations®® ARHGAP11B ishighly localized to the mitochondria, and its regulation
of basal progenitor cells appears to be conditional upon the breakdown of glutamine to

glutamatg(glutaminolysis)-%7:108

1.3.3.7 Arguments for using human models to study the 15913.3
microdeletion syndrome.

Theexpansiorof thehumanneocortexnarksan evolutionarydivergercethat
occurredbetween/-9 million yearsagoandhasresultedn athreefoldincreasean brain
sizeandatwo-fold increasean total neuronpopulationsrelativeto thatof the

chimpanzeg®°This increasen sizeis attributedto anincreasén NPC proliferation

15
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includingthe outerradialglial (0RG) presenin the outersubventriculazone.oRGsare
enrichedn higherorderprimatesandarethoughtto influencecerebralkortexsizeand
folding (Fig. 2). 1! As mentionedoreviously the proliferationof thesecellsis heavily
influencedby the humanspecific15q13.3gene ARHGAP11Band both this cell type
and gene are completely absentiiemurine mode(Df(h15g13)/+)traditionally used to
study the 15q13.3 microdeletion syndrome. The formation of the CNV itself relies on
humanspecific expansion d6OLG8repeats, creating incredibly complex genomic
architecturehat is not captured in the isogenic deletion meoagjetingmouse
chromosome 87073"4ndeed Df(h15q13)/+micelack human/primatepecificcell
types(oRGs,primatespecificneurontypesin deeplayerslV %9 andaso do not mimic
theuniqueandvariableCNV sizeandcompositionthatcontributetowardsthe NDD
heterogeneityHumanmodelsthereforeoffer a uniqueopportunityto studythe
microdeletionwhile still retainingthe unique(albeitheterogeneoushangesn genomic

architecturecausedy the CNV.
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Figure 2: Structural comparison of rodent andhuman cortices.
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1.4 Tooawsdi mit dteitoundsyN DnDgs .
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
abnormaities, which can then be assessed throughout mouse development. An early
example is th&mrl KO mousewhich was generated over 25 years agoassess a
deletion in the=mrl gene to model Fragile X syndrome, a monogenic form of intellectual
disability commonly associated with ASDsing this model, researchers were able to
shedlight onsensory processing abnormalities that are found both in the mouse and
humanwhich arenow a diagnostic tool for diagnosing ASE#13CNVs have also been
modeled in the mouse background to study the polygenic contribution ofigesies
and include 16p11.2 deletions, 15g1Migrodeletions (Df(h15q13)/+), artie 22q11.2

microdeletion

1.4.2  The Df(h15g13)/+ mouse model.

The ability to study CNVs in a living system allows researchers to investigate
molecular, behavioural, and neurophysiological abnormalities throughout development.
The Df(h15g13)/+ mouse is a genetic model of the 15q13.3 microdeletion with the
orthologoudgdeletionat chromosomé&qC andhas been studied extensively at postnatal
periods of development!4115These mice recapitulate epileptic presentations found in

patient cohorts, showing an increased propensity for myoclonic and absence seizures, and
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a decreasm clonic and tonic seizurefuringacute seizure assays. Abnormal neural
activity has also been reported within specific brain regions including the hippocampus
andthe cerebral cortéX®'” Populatioawide functional assays in 2€brtical cultures
havealsodemonstrated reductions spontaneouseuralactivity and bursting patterns

further indicating disruptions to neuitcuitry.'*®

Changes in the proportioasid morphologyf multiple cell types have been
identified in the Df(h15g13)/+ mouse, including reductions irf P¥erneurons in layers
2/3 of the somatosensory corféXand reductions of astrocytes in the medial prefrontal
cortex'*” While no proportion changes have been characterized in cortical excitatory
neurons, there have been persistent reductions in their dendriticlspisigy and

maturation morphologgcross multipléndependenstudies®®17:118

1.4.3 IPSC and organoid modeling of NDDs.

For yearsour understanding of NDDs was limited by inaccessibdftpeural
tissue at relevant periods of neurodevelopment, which has led to a poor understanding of
the pathobiologyf 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 somaticpatientcells, typicallyblood or
fibroblasts andsubsequentlgifferentiatel into complex cell types that include neural
tissue*?° The retention of genetic background in patient lines enables researchers to
assess for patiendand NDD specific mechanismis 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 15913.3 microdeletion syndrome

Presentlythere are three studies that have characterized the 15q13.3
microdeletion in gatientbackground. Two of these studig#lized the NGN2
overexpression systert®?which produces a homogeneous population of
glutamatergidike excitatory neurons through overexpression of the transcription factor
Neurogenir2 (NGN2). In contrast, the third stuéxamined NPCderived from both
deletion and duplication patienising aduatSMAD inhibition protocot?2. 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 CHR$pECIfic chaperoning
proteins amongst the 15q13.3del NPCs, whereas the duplication lines showed the

opposite trend??

Activity has since been assessed in mature NGN2 neurons, where our team
demonstrated abnormal populati@vel 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 nawaito
organization of the axon initial segment (Al8hd | identified deficits in axon projection
capacities amongst three 15q13.3del famif{€Fhe final and most recent assessment of
15g13.3del NGN2 neurons includes an impressive bulk RNA, methylation, and ATAC
sequencing experimennd5g13.3 neuron&ll omics)and of isogenic 15913.3 gene KO
lines forFANY KLF13, OTUD7A andMTMR10(bulk transcriptomics only)in this
study they identifiedlifferential methylation of a protocadherin encoding region on

chromosome Fyroad changes in chromatin accessihilggd increaseBDNA damage,
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which they validatedy showingan increasg sensitivity to cisplatiinduced DNA

damage?!

1.4.3.2 Organoids as a model system for neurodevelopment

iPSCs caralsobe used to create brain organoids, which arecsgHinizing 3D
neural structuresomprisingstem cells, NPCs, and terminally differentiated neurons
capable of modeling early periods human neurodevelopi@ene ceexpression
analyses have shown a high degree of similarity between neural organoids and fetal brain
tissue, producingranscriptional programs similar to pasinception weeks-95,123129
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 knowitase r e br al 6 or ganoi d
guided neural organoids (GNGs§which are directed towards braiegion specific
lineages-3! 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 intinsic signaling and is preceded by the formation of Ne& rosette
structuregeminiscent othe human cortical ventricular zone. Newborn neurons will
emerge from the rosettes and migrate outwards to form laminar structures reminiscent of
the developig cortex.After 2.5months of growth.he resulting postmitotic neurons are
mostly excitatory foughly 5@%), butthat percentage decreases in half by 4 months,
where subpopulations afclude inhibitory neurons, astrocytes, oligodendrocytes, and
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even retinal cell typemicrease?” 32134 The cell type diversity within mature UNOs is a
key advantage in modeling cell type emergence and differentiation in disease

backgrounds.

Unlike UNOs, GNQ 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 stemnd spinal cord®:**>13Through directed differentiatigthe
system becomes more unifiehd batckto-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 circuitrdynamics including neuronal migration, cellular

integration, and axonal innervation.

Organoid disease modeling has steadily increased over the years to include
neurodegenerative disorders |like multiple
viral andchemicalinfections like Zika virus andhronic nicotine exposur@®3"138%ye
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 syndroffié®.
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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 beodeledusing human iPSC systems. Adapted fi®haduri 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 ladstiblished
biomarkers and a poor understanding of disease trajectory. Bulk RNA sequénding (
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). Deperafirthe tissue
processing and chosen read depth, gene transcription can be assessed broadly for
differential gene expression (DGE) or with isofesecific resolutin by capturing
differential splicing of MRNAA subset of the differentially expressed genes (DEGS) can

then be assessed for owepresentation of genes for a pathway of interest.

Gene set enrichment analysis (GSEA) is an alternative analysis pipeline for
examining gene expressidnstead of providing a list of DEGs, the entire gene set is
rankedand provided a scowreccording tats gene significance and fold change
(incorporating the direction of up or downregulation). An algorithm is then applied to
determindirst if there is enrichmeramongsthe genes for a biological pathway
(incorporating the genedbds score), and then
the ranked listGSEA determines if there is a significant enrichment for a pathway of
interest by dAwal ki ngo do wn-sutnBitatistic wheneverdt | i st
encounters a gene within the pathway oéiiast, and decreasing when one is not present.
Step-wise or continuouslistribution of the enriched genes near the top or bottom of the
ranked gene set (most up or downregulated), is generally enffchad enrichment

score (ES) is then calculated to reflectdiegree of overrepresentation of the genes,
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either at the top or bottom of the ligt.this way bulk RNA Seq can identify the affected
biological pathways and biomarkersamgene list that is provided in an unbiased manner,
identifying differentially expressed transcgphat 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 MDD patientderived brain organoids and 2D cultut&sin this
way, disruptions to critical periods of developmeatvebeenidentified, including stages
of neurogenesis, synaptogenesis, and circuit formatioaddition to identifing critical
developmental windows, bulk RNA Seq may provide insightwtiat early biomarkers
may be present in@re-symptomatic periodyproviding a means for supportiagrisk
children This would be a critical form of intervention, as there isnareased risk factor

for neuropsychiatric illnesses for individuals with ASD diagnosis later in adultftbod

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

Oneof themajorcaveatdo bulk transcriptomicss theaggregatiorof whatis often
heterogeneousssueandcell types;theintroductionof somuchvariability candilute
phenotypiceffectsandrendertheinterpretatiorof datanearlyimpossible Singlecell
RNA sequencingscRNA Seq)offersthe uniqueability to profile individual cell
transcriptomesndpreservehediversity of cell typeswithin asample While multiple
processingipelinesexist,rangingfrom: fixed frozen,flashfrozen,freshdissocation,
singlecell vs singlenucleusthe coreelemento sampleprocessingncludesthe

immersionof singlecellsor nucleiin anoil solutioncontainingreverseranscription
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enzymesandoligonucleotidebarcodedeadsUsing microfluidic partitioningthecells
andbeadsareaddedn a 1:1ratioto ensureeachcDNA library is labelledwith abarcode
uniqueto eachcell. The barcodds thenretainedduring nextgeneratiorsequencing
(NGS)andcanthereforebe mappedoackto thecell of origin. Within the beaditself are
taggednucleotidesequencesalleduniquemolecularidentifiers (UMIs) which help
differentiatebetweeruniquemRNA transcriptsaandthereforeallow the userto screenout
PCRduplicatesandmutationalartifactsvs.rarevariants.For this reasonmultiple reads
of thesamegene barcodeandUMI arecollapsednto asingleUMI countfor

downstreanprocessing.

Single cell RNA sequencingnalysesareconstantlyevolving,with predictive
platformslike CellChatandpseudotimeallowing scientistdo infer cell-cell
communicatioranddevelopmentatrajectores respectivelypf variouscell types.
CellChatwasintroducedby the Satijalabin 2021to providepredictivemodelingof
ligand-receptorinteractionsAn advantagéo CellChatis thatit appliescommunication
probabilitiesusingthe law of massaction,which considerghe geometricneansof ligand
andreceptorexpressiongwith their subunits) weightedby their agonists/antagonistnd
levelledwith DEG analyseslt usesanin-housedatabasef knownligand-receptor
complexegincludingmultimericclasses)solubleagonistsaandantagonistsaswell as
stimulatoryandinhibitory membraneboundco-receptordo createinferencesaboutthe

proportionandstrengthof cell-cell communication.

Anotherpowerfulbutinferencebasedanalysisn scRNA Seqtranscriptomicss
pseudotimewhich arrangesndividual cellsacrossatemporaltrajectoryin orderto
understanaellulardynamicsthatgoverndifferentiationanddiseasé*>'**Monocleis
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oneof theearliestpseudotimepipelines,andfunctionsby performingunsupervised
clusteringof cellsbasedon their differential geneexpressioralonga differentiation
trajectory It reconstructdiologicalbranchsitesthatareoftenrepresentativef anew
differentiationstate therebyallowing the userto infer lineagetrajectoriebetweertwo
conditions.In thisway, pseudotimeanbe usedto assessellulartrajectoriesthe
moleculampathwayshatunderliecell fate decisionsandthetemporaldynamicsof
diseaselmportantly,pseudotimalatamustbe rigorouslyexaminedasit can

occasionallymakeinferenceshatdo notreflecttrue biological trajectories*’

1.5 Theoibg ecti ves

The primary objective of my thesis was to characterize huspaatific
neurodevelopmental deficits in the 15¢913.3 microdeletion background using various fetal
model systems (3D neural organoids). The project can be further divided into three core
aims, which ag discussed belowhe common tool used in each chapter includes the
15q13.3del patienterived iPSCs, which we have reprogramnmekdouseandhave
previously phenotyped a subét by usingNeurogenin2 (NGN2)-induced neuron’®
Aim 1 is addressed in chap@randuses theinguided neural organoidodelwhile
applying single cell transcriptomics to a subset of the cohettféBnilies). Aims2-3 are
discussedn chapted andinclude the entird5q13.3cohortfor bulk transcriptomi@and
circuit phenotyping using guided neural organoid modelioipwed by validations in 41

3 families
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1.5.1  Aim 1: Characterizing vulnerable cell types and cellular
trajectories in the 15913.3 microdeletion cohort.

In our previous stugl (which Iwasthe fourthauthor of)we identifiedsynaptic
and morphological impairments in 2DG2N neurons derived from three unique
15q13.3del familiesThese neurons are generated through overexpression of the
transcription factor, Neurogent to yield highly homogenous glutamatergie
excitatory neurons. The morphological and functional abnormalities that we observed in
the three 15q13.3del famili@secongruenwith the neurodevelopmentdéficits
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 suzlrals
progenitor cell emergence, cell fate decisions, mautogenesj&*® and therefore presents

a gap in our knowledge of 15g13.3del developmental dynamics.

This study focuses on capturing early neurodevelopmental processes that were not
characterized in our 15913.3 microdeletion patient colabrdof whom received
diagnoses postnatally following behavioural tests or epileptic present&jpesfically,
we wanted to examine fetal neurodevelopmental milestones such as the formation of the
ventricular zone (VZ) cell type emergence (neurogenesis) and cell matutiging.
unguided neural organoidsge exploited their ability to stochastically generate numerous
cell types from multiple brain regions and performedfits¢ examination of human
15q913.3del early fetal brain developmantoss timeUsing an established house
SCRNA Seq analysis pipeline, wapturedchanges in early progenitor cell populagon

andtheirintracellular structuresas well asate-stagempairments to the temporal
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trajectoryand inferred synaptic signaliraj mature excitatory and inhibitory neuroige
found changes in cell adhesion to persist throughout many of these processes, suggesting

an underlying mechanisfor early developmental impairments.

1.5.2  Aim 2: Characterization of cell-type specific contributions to
15913.3 microdeletion syndrome progression and pathology.

Given the profound impairmenits mature excitatory and inhibitory neurons from
our previous studywe wanted tadentify theshared and unique abnormalities within
each populatiomcrosslevelopmentTo achieve this, @ generated guided forebrain
organoids of dorsal and ventral lineaged used the entire 15q13.3del cohort to perform
bulk RNA sequencing across two timepoints in developnigntollaborating with Tony
Chen a PhD candidatigom Dr. Kristin Hopes lab,we generated a comprehensive
dataset of 120 samples across two tisspegynd timepoints. Amongst the tissue types
we discoveredonvergencen cell adhesion and transcriptional dysregulation, which we
laterfoundto includeseverahumanspecificzinc finger proteifdoci at 19p13.2 and

19q13.43.

While sharingdisruptiorsin transcription, the dorsébrebrainorganoids
exclusivelyshowed enrichment for DNA damage and repair pathways, which we
confirmed as an excitatory neurspecific phenomena amongst the UNO excitatory
neurons as well. Conversely, the ventral organoidglat/NOinhibitory neurons
populationconverged omlisruptions taneuron migration, a phenomenon that has never
been modeled or assessed in a 15913.3del backgrblisdstudy represents the first

examination of both excitatognd inhibitory neurons in a humapecificbackground
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anduses the largest clinical 15q13.3del cohort in reported literature. Usirgysiésn,
we have uncovered convergent and-tgle specific abnormalities in early

neurodevelopmenhecessitating the need for circakploration in assembloid models.

1.5.3 Aim 3: Applying assembloid models to assess 15gq13.3del
circuit abnormalities.

The objective of the last aim was to examine 15q13.3del circuit dynamics in a
dorsalventral forebrain assembloid modelbetter understand the consequences to cell
type-specific abnormalitiesNe performed tissue clearing and light sheet microscopy o
fluorescently tagged forebrain assemblaidsg the same three 15913.3del families
from aim 1. We exploited different lineage (Bs.V) and genotype (WVs.HET)
combinations to explore cell intrinsis. extrinsic contributions to cell migration and
morphdogy. 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
someinterplay with the dorsal microenvironmemtiefindingsfrom this studyandthose
abovearecurrentlybeingpreparedor submission pending the analysis of dongattral
spatial sequencinamples submitted)nd patch clamp electrophysiologlgenotypirgy

in collaboration with Dr. Zahra Dargaei
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2 CHAPTER 2: MATERI ALS ANLCL

The techniques used in this report are a combination of stem cell culturing,
transcriptomics, and microscopy (traditdimmunocytochemistry and light sheet), the

details of which can be found below.

2.1 hi PSC Reprogramming and mai
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
#100005069). Additionally, this study was approved by the Hamilton Integrated
Research Ethics Board, (REB approval file #2707). Fibroblast and blood samples were

acquired fromocations globally and are outlined per family/samplable 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 1-3Mb 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 seiesy. Information on clinical background and deletion size

to ourcohort can be found ohable 1
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Table 1: Clinical presentations andbackground of patients heterozygous for the

15913.3 microdeletion

Table 1

Patient Sex Proband Clinical pres| TA&aadzS Ofj Deleti on

FYR Y2R

NB LINZ 3 NJ
Family 1 Femal Mot her Neurotypica No 15q br
15q13.3del Femal ASD (1530. 6
Family 2 Mal e Brothe Neurotypica No 15q br
15913. 3del Femal Epi |l edlsyence sei 2000. 66
Family 3 Mal e Fat her Neurotypica Po./ Ad&2 No 15q br
15q13.3del Femal Severe epilepsy F2tt265S 1348. 14

ADHD, ASD .

{ SYRI A
Famil 4 Femal Mot her Neur ot i ca . No D5 ae@ak
Y Y E NI LINZ 3 NI = :
15q13. 3del Femal Epil epsy (myoc Mi croarra
seizures), abno availab

thick corpus
Family 5 Femal Mot her Neurotypi ca No 15q br
159q13. 3del Femal DD, Thick cor pl Mi croarra
hyperintensity availab
|l angaage motor

159q13. 3del Femal No f ami Gl obal DD an Mi croarr a
contro availab

ADHD - attention deficithyperactivity disorder, ASP Autism spectrum disorder, DD

developmental delay, EEGElectroencephalography, ID Intellectual disability, kbp

kilobase pairs.
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Importantly, discovery of the CNW 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 thidimensional space, providing an unbiased
model that can also be probed for relevant cytoarchitectural changes across

devdopment130,134,149151
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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 & were gneratedn-house iPSCs were generated by Sendai viral
reprogramming and clonal expansion using the CytoTURSC 2.0 kit (Thermo Fisher)
according to manufacturer instructions. In brief, colonies were expande¢Bfome2ks,
and once large enough weransferred to a single well of a-#&ll plate coated with
irradiated mouse embryonic fibroblasts (MEFs). iPSC media consisted of DMEM/F12
supplemented with 10% KO serum, 1xmrs sent i al amino acids, 11
b-mer capt oet han olcfibreblast groth factog. Omed expgarded, iPSCs
were grown on Matrigetoated éwell plates in mTeSR1 (STEMCELL Technologies),
where all subsequence passaging was performed with ReLeSR (STEMCELL
Technologies). Line validation was performed through flotemetry and
immunocytochemistry of pluripotency markers, and cytogenomic karyotyping was
assessed via-Banding analysis dthe Centre for Applied Genomics (TCAG, SickKids,

Toronto, Canada). Data for hiPSC validations can be fouBdpplementary Fig. 1

2.2 Organoid generation and tis
2.2.1  Organoid and assembloid generation
Unguided and forebraispecific organoids were generated with the STEM#iff
Cerebral Organoid and the STEMd#f Dorsal/Ventral Forebrain Organoid kits,
respectively, from STEMCELL Technologi&s using lowpassage (P2P30) 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 wideore P10 pipette, individual organoids from dorsal and
ventral lineage were placed into one ultvev attachment thottom 96 well plate
(Corning) in200uLo f medi a. Pl ates were then centrif
spino setting. A half media change was per
assembloids were moved into a 6 well ultev attachment plate (Corning) using a wide
bore RLOOO tip. 25 days postssembly (day 5 of differentiation), maturation media was
supplementedwithd g/ mL of doxycycline to induce exfg
constructs. Induction proceeded for five days, after which the assembloids were

processed for immocytochemistry 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 3xRhosphate Buffered SalineBS for 10 minutes
prior to a 48hour fixation in 4% paraformaldehyde (PFA). Samples were dried in 30%
and then 50% sucrose in PBS overnight, and then embedded irGgtitaal Cutting
Temperature@CT) (1-month unguided neural organoids) or gelatin (all other samples)
andstoreda80 . Sections were made on the Leica

SuperFrodE Plus microscopy slides and stored3t0

The slides were washed 3x in Bhosphate Buffered Saline supplemented with

Tween20 (PBST) and incubated in a blocking/permeabilization solution comprised of
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10% Donkey serum (Millipore) and 0.03% TritorIX0 (Fisher Scientific) in PBS for 1

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

anti bodies overnight at 4 . -TSdlawpdlbgas2 wer e
hour inculation at room temperature with secondary antibodies. Samples were washed 2x
with 1x PBST, incubated with DAPI nuclear dye for 15 minutes, followed by a final

wash with 1x PBSI. Samples were mounted on Vista Vision glass microscope slides
(VWR) using Probng Gold antifade reagent (Life Technologies). Antibody sources and

dilutions can be found imable 2.
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Table 2: List of antibodies used in this project.
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2.2.3  Confocal microscopy and ICC cell population analyses

Confocal Zstack 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, @hmaximum intensity projections of each channel were processed
and thresholded to report cell populations normalized to DAElei (unless otherwise

stated).

2.2.4  Tissue clearing (CUBIC Protocol)

Fixed samples were processed using the CUBIC prdféedth minor modifications
based on organoid and assembloid <dtical 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 achievday usingdetergerg and is followed by Rl homogenization.
Tissue with a singular Rl 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 neuraPissue
and for its ability to preserve fluorescent molecules with minimal quenching (as
compared to harsher protocols such as iDISCO). The iDISCO method was previously
attempteddata not shown), however the endogenous fluorophore signal was completely

guenched by the detergents, rendering it incompatible with our model system.
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Fixedassembloiddamples 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% CUBIGn HbOf or 2 hour s at4837 , fo
hour incubation with 100% CUBKE at 37 . Sampl es were washe
minutes, and then incubated in 50% CUBI@or 3 hours, followed by an overnight
incubationin 100% CUBIQ at 37 . Samples were washed i
(16212, Cagille Laborataies Inc. Cedar Grove, NJ, USA) for 10 minutes at room

temperature prior to imaging.

Confocal imaging was performed using the Ultramicroscope Il light sheet microscope
(LaVision BioTec GmbH, Bielefeld, Germany) at 2x magnification to capture the entire
assembloid. Images were processed using IMARIS software (V1Bitp@ne Inc.

Zurich, Switzerland) and the proportion of hSY¥&FP 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 enitigat
confounding variables caused by differences in labeling efficiencies between cell lines.
TheNeuriteTracer packageas 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 onsdd#yyand 10®f growthin vitro, unless

otherwise specified.-8 organoids were combined per sample, and RNA was extracted
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from 3 samples/patient line using the RNeasy mini kit and RNese DNase set
(Qiagen). RNA integrity was assessed with the 2100 Bioanalgg@ent Technologies,
Inc.), whichperforms chipbased 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 ensuredll samples had RIN values above 8 before proceeding with library
prep Supplementary Figures 1611). All samples of a tissue type were processed
simultaneoushat TCAG (SickKids, Toronto, Canadayjith NEBNext Ultra Il Direction
RNA Library Prep kit for lllumina (New England Biolabsyhich specifically enriches

for proteincoding, 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 enablg dibralification
through polymerase chain reiact (PCR) for downstream next generation sequencing
(NGS). Stranded RNA was chosen for amplification given the increase in accuracy for
transcript expression estimatiéh The samples were run through a single lane on the
lllumina 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 preeelsusing 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 higthroughput assessmentrefad quality using metrics such as

read length, depth, Phred scof¥sand adapter contamination.
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2.3.2 Bulk RNA Sequencing Analysis

Read integrity was assessed on raw R3¢ datdoy using FastQC (V0.11.5),
followed by adapter trimming and filtering of legquality reads via CutAdapt. Reads
were mapped to hg38 using STARg&ss mode, V2.7.0AcutSAMtype BAM
SortedByCoordinadeusing default settings and aligned read content was log2 normalized
and assessed for differential gene expressed (DGE) through the RStudio package,

DESeq?2.

Additional filters were applied to remove genes with low read counts (<10 reads in
O50% of t toeedusestenimicatrmiye 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
unnecssary 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 timepointFig. 21, 25.

DESeg2uses negative binomial distribution estimates to determine differentially
expressed genes (DEGs) within a dataset. First it applies normalizafisreofactord
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 variancie 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. DE®eq#its 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 tgpeariates, gnes with an FDR0.05

and pAdj <0.05 were deemed differentially expressed. Data was plotted using
BioConductor and ggPlot2 packages in RStuBGE analysis was performed using
ShinyGO (V0.8), a bioinformatic mapping tool that performs gene ontology (GO)
analysis, clmmosomal distribution mapping, and KEGG pathway enrichment for a gene
input list with a custom background to overcome selection'®i&0O analysis was

performed using default settings, selecting pathways withiratigeof 2-2 000 genes

and FDR <0.05 (based on the nominadgtue from the hypergeometric tesdur total

matrix gene set podiltering 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-{&pn all genes ranked by fold

change. The default parameters used were 1 000 permutatimnsmal 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 consideresignificant.

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.

Paol a Ar | ot &®¢dls witlaviability 808rwegre resuspended in 0.01%
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BSA (PBS) at a concentration o200 cells/uL and shipped on ice for gel bead in
emulsion (GEM) generation and downstream processing (SickKids). 5 @000 cells
were FAGsorted andunt hr ough t he 10x Genomics 306 V3.

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
Ranger s default alignment parameters. The
downstream processifg’ First, low quality cells were identified througgentification
of high mitochondrial content (>15%) and abnormal read counts (<200 for poor read
depth and >1 200 for dublets or multiplefs)The matrix was then legormalized, and
regressiorwas performed on theoorquality cellsand ancestral covariant as these are
known contributors to variatidff. Individual samples were aggregated into a single
Seurat object, and the aggregate gene expression was scaled and normalized for each
geneusing a linear model that accounts for and normalizes by the sequence depth of each
cell’®We used the FindVariableFeatures functi
highly variablein the dataset, and these variable features were agetform principal
component analysis (PCA)he top30 PCs werselected or ¢l ustering wusin

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. Usioggitudinal
UNO dataset as a training datgs€twe applied the cell classification function to identify
the top three most likely cell types amongstphedefinedclusters. This list was
supplemented with manual annotation based on an assessroanboicalkell type
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specific marker expression (Dplots from Sipplementary Figures 23). 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

suppl emented by a Fi sher 0idlfreqreacedbetweenst (t wo

genotypes.

DGE analysis was performed using a fpamametric Wilcoxon rank sum test
with an adjusted p value based on the Bonferroni correasiomy all features in the
dataset. Gene lists were filtered fa&xd) < 0.05 and average log2fold change > log(1.2)
for pathway analysis using g:Profiler@\2.2)including enrichment terms for biological
pathway, cellular compartment, reactome, KEGG, angfélldwed by REVIGO

semantic similarity reduction (V1.8.1)

TheCellChat(V1.6.0)R package was udéo gain insight on potential intercellular
communication networks from the scRNA Seq dataset, wadstimates cellular crosstalk
based on proportions of known recegigand complexes through a combination of
network analysis, pattern recognition, and manifold learHi\g/e 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 passasatqern 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 similaritywieisth) assesses the
similarity between rankings of multiple variables (cell types, interaction strengths, and
signaling pathways) and applies a relative (namerical) 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 clust&rtftro
perform pseudotemporal ordering of the cells, a biologigalyy | evant fAr oot nod
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 td vl radl
calculate a pseudotemporal value that represents the distance between a cell population of

interest and the starting point.
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3 CHAPTERO3s of 150913.3 genes i
organoids (UNOe) opgmanegtt Or i es
predicted cellular communicat.

3D neural organoids haywovided new avenues for studying neurodevelopment,

enabling users to generate and examine tissues previously inaccessible to biological

researchin this way humanspecific features of brain developmamid disease have

been identifiedalthough disease modeling is still in its infancy. Neural organoids provide

enormous promise in studying complex disorders such as the 15g13.3 microdeletion

syndrome, given their ability to model fetal neurodevelopmental milestones that are not
capured in the clinic. Specifically, our objective was to use neural organoids to identify

vulnerable windows of development and to pinpeoit types that may confer

vulnerabilities to these abnormalities

3.1 SCRN2eofi mmat % ¢l 3 .U3NICess|
r eveall tseprreodp o ratnidadmr ucafua @i al
gl papul ati ons.

In order to create 3D neural organoid®SCs were first generated usiBgndai viral
delivery of the Yamanaka factors to reprogram extragégipheral tissues (CD34vhite
blood cells)from our patient cohoitto iPSCs Pluripotency was validated using flow
cytometry and immunocytochemistifCC) of known pluripotent markers OCT4,
NANOG, FITC, SE, and Tral60(SupplementaryFig. 1). Falowing karyotyping
guality controlpassingthe cells were then uséalgenerate UNOBom four unique

15g13.3del probands and their typically developing familial controls

The UNOmodel was chosen for its ability to stochastically generate multiple cell
types from various brain regioh¥134%%providing a broad and unbiased overview of the
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developing fetal brain. Importantly, UNOs can also form coHikalstructures

reminiscent of a developing ventricular zone where neurogenesis occurs within the basal
most rosette structureAs 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 persistedufmwards of three months.

To assess the contributions of cell proliferatiothi® UNOsizeincreasewe
perfomed a 24hour5-bromao2'-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 andcan beguantifiedwith Ki67 (present at all active phases of the cell cycle) to
identify actively dividing cellsWe performed ICC on three 15q13.3del families and
probed for these two markers within the DAR rosette structures afound no
change in the proportion of doble positi¥@67* BrdU") cellsnor the proportion of cells
re-entering the cell cycle (Ki6BrdU*) within the aggregate datag€ig. 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 (sScRNA Seq) on three unique
15913.3del families on day 4D40) of developmen(Fig. 7). This timepoint represents a
period whemeural cell typegmerge from neural progenitor &gINPC) and begin to
mature'*°and is thought to resemble early afiedal (13 16 gestational weeks) through

late midfetal (19 20 gestational weeks) neural developrtéhto profileall the neural

and progenitor cell types at thistimepoinewused t he 10x Genomics
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Expression V3.1 platform to capture and sequé&c@00 reads/cell from5 000

cells/line14?

After filtering out low quality cells, we were ledttotal 0f29 735 cell{<1% dropout)
for downstream analysiklnsupervised clusteringentified 13 distinct cell populations,
which were annotated using a training datasét®sacross multiple developmental
timepoints®® and validated through assessmentasfonical cell type markers
(Supplementary Fig.2, cell counts per proportion can be found®impplementary

Table 1).

We identified a diverse population of cell types including radial glia populations,
neural progenitors, as well as newborn and maturerpibstic neuronsKig. 8A). To get
an overview of the populations, we performed cethposition comparison using both a
Fished s e x and &permutagon test to examine cell proportidts®3From these
tests, six populations were identified to have significhffierences (FDR <0.05 with
absolute fold change>0.5B) proportionshetween genotypes (two populations decreased
in 15q13.3del UNOgour populations increased). Of the increased populations, half were
composed ofadial glia populations, whictomprise the ventriculdike rosette

structures responsible for making newborn neu(bits 8C-D).

To examine gene expression changes more broadly, we perfD@tednalysis
using the FindMarkers function based on the-parametric Wilcoxon rank sum test.
After filtering for an adjusted p value Axdj) <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 indee€dTUD7A, CHRNA7, FAN1, KLF1andMTMR10were all
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significantly downregulated in multiple cell populations (aggregate expression shown in

Supplementary Fig. 3.

To assess the cell tygpecific biological consequences to this heterozygogiye
ontology (GO) enrichment analysis was tipemformedon g:Profiler (V2), which
showed over 3 000 altered pathways amongst the up and downregulate WV DEGSs.
focused on the radial glopulationsasmultiple subtypes were differentially populated
in the 15913.3 UNOs. We used ShinyGO to examine th230pp- and downregulated
genepathways anfound strong enrichment for neurogenesis and neuron differentiation
amongst thelownregulatedjene sein the apical radial glia populatiofify. 8E,
biological pathwayFDR<0.0012.21-fold enrichment)We visualized the enriched
genedrom this pathway on STRINGSearch Tool for the Retrieval of Interacting
Genes)a database of known protgamotein 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 wedeed associated witieurogenesis
(FDR= 5.68€e16) andnoticed theenrichmenbf multiple cell adhesion proteing&DR=
0.0019) including laminin LAMBY), Contactin5 (CNTN5, andDystrophin(DMD)
(Fig. 8F). In this way,changes in neurogenesis may be influenced by cell adhesion

proteins.

SOX2is a known marker of neural progenitors that is particularly enriched in radial
gliaand may be altered in states of reduced neurogenesis and differefffdtion
support of this, the UMAP plot of relative SOX2 mRNA expression showed the highest
expression in théour radial gliasulpopulationgFig. 9A). We measured the global
MRNA expressiomf SOX2andfound a significant increase mRNA transcript

48



Ph.D. Thesi$ S. Kilpatrick; McMaster University Biochemistry & Biomedical Sciences

expressior{Fig. 10B, p <0.001) prompting us to examine the geat¢he protein level.
We performedCC on a total of four 15913.3del UNO familiastarget the SOX2radial
glia that comprise the rosette structures within the organdidgound consistent
increases in rosette size (nearly double that of the contfags)9C), and dysmorphic
rosette shapes, wherelpsette shape was not circular but rather caved in or turned

inward.

In addition to forming the ventriculdike rosettes|JNO 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 gena®bed fothe
expression oTBR1, a marker for cortical newborn neurgfisand found that this
population was significantly decreased amotigstfour15q13.3del UNGamilies (Fig.
9C), indicating potential disruptions in neuronal maturatioifferentiation, as

indicated by our previous GO enrichment analysis.

This is the first time radial glipopulationshave been assessed in the 15q13.3del
backgroundwhere we found structural abnormalities including differences in cell
density, rosette size, atite proportion of newborn neuromsnongst 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 modedmd an assessment of the neurogerasished gene set

suggests the role of cell adhesion in that process.
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3.2 Mature 159g13. 3del UNOs nhave
i nferred intercellular communi
cel |l adhesi.on pat hways

Since radial glidZzangive rise to multiple neural subtypes (excitatampjbitory,
oligodendrocytes, etc.), we aged the UN@a timepoint that recapitulates late rfiital
gestation weeks 194 to capture fate specification and cellular trajectdryoth
newborn neurons andature excitatory and inhibitory neuroli$1%During this time,
we observed persistent size changes amongst 15gq13.3del UNOs, as well as a decrease in

cell density and increase in nuclei diameter consistent with the D40 timépigint1).

We sought to characiee the celluladynamics on the single cédlvel andused the
same three patient families to perform scR8k&qusing identical sample preparatidos
the previous experimento account for the increase in cell diversity at this timepoint, we
doubled the number of cells sequenced from 5 000 to 18&0Ple and were able to
capture a total of 68 455 cells pditiering. Using the same analysis pipeline and training
dataset®®we identified11 unique cell clusters, including: neural inhibitory and
excitatory progenitors; mature excitatory neurons, mature inhibitory interneurons,
astrocytesand oligodendrocyte precursors (OP(Esy. 11B, cell counts per proportion
can be found irsupplementary Table2). A small population345cells ~ 0.5%
matched the transcriptome GOL1A1"/GFAP mesenchymalike cells, which are likely

neural crest cells and were excluded from downstream DEG analysis.

We first sought to confirm5q13.3 genbéeterozygosity agaiat this later timepoint,

and fromaggregate mRNA transcript lev&@pplementary Fig.2) it wasapparent that
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thetranscriptievels remaiedreducedWe usedthe nonparametric Wilcoxon rank sum
test with an adjusted p valte perform DGE analysis (filtering for p adj< 0.05), which
produced lists for each cell type that ran§edh ~ 600 toover 6 000Each 15913.3 gene
with high expression in multiple cell typeSupplementary Fig 3) wassignificantly
downregulated in over half of the cell types, includifig-13, FAN1, MTMR1Q and
OTUD7A Amongst the DEGs include8iSD risk genesaxonal regulatorsasndOTUD7A
interaction partnerBNK2andANK3 which were significantly downregulated in 8/1
and9/10 cell types respectivelySinceANK3was expressed in multiple cell types, we
confirmed its aggregate reduction on the protein level through western blotafth

15913.3delUNOs(Fig. 12) as a validation to the scRNA Spipeline.

Given thediversity of cell types in this current model, we queséidhow cell
interactions anthtercellularcommunication may be altered in aggregate and amongst
distinct populations. We used the R package CellChgaitoinsight on potential
intercellular communication networks from the scRNA Seq dataset, \ghartitatively
inferscellular crosstalk based on proportions of known recdjgand complexa!®®We
first assessed aggregatéeractionprobabilities to understand how cellular
communication may be behaving more broadlgur systemWe measured the total
number ofpredictedinteractions andbserved reduction in the number and strength of
significantcell interactionamongst the 15q13.3del datagay. 13B, 4676 in the control
vs.3224 in the 15q13.3del for the number of total significant interagteoms0.164
interaction strengtfor the control vs. 0.068r the15q13.3del)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 populationsqn-telencephalic midbrain excitatory neurons signaling
towardsnonttelencephalic hindbrain excitatory neur@mgl mature excitatory neurons;
mature excitatory neurons towards apical radial glia anetelencephalic midbrain
excitatory neurons; and ndalencephalic hindbrain excitatory neurons towards apical
radial glig indicated by an increase in relative interaction between these cell\types
guestioned what signaling pathways may underlie tblearges andeterminedhe
overrepresented pathways by using the rank similarity test, \abggsses the similarity
between rankings of multiple variables (cell types, interaction strengths, and signaling
pathways) and applies a relative (rmmmerical) ranking for visualizatioihe top
overrepresented pathwaynongst the aggregate tissaehe rank similarity plot was
Nectinsignaling, a family of celadhesion molecules that are regulated ialeiwm:
dependent mannéFig. 14A). To determineénow cell adhesion signaling may be
disrupted amongst single cell populations,visually assessed the outgoing signalfig
Nectin the top cell adhesion pathway, in additiorEgghrinA (EphA) and EphrirB

(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 ketinteracting cell clusters,
respectively(Fig. 14B). Amongst the control cell populations, cell adhesion signaling
was present between each ceflegywith the radial glia populations producing the
strongest Nectin and EphB signaling. In contrast, the 15g13.3del population showed a
general reduction in communication scores (circle edges), with some cell types showing

an absence of detectible sigralch 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-Rajaius

and nortelencephalic excitatory hindbrain neurons.

We were interesteidl biological pathway$rom the DEGs of each cell type would
support this predictive analysend performed GO analysis followed by REVIGO
semantic similarity reduction to produce tree plots of the core biological features of each

of the cell typesets®’

excludinginhibitory neuronsn the downregulated plotsd
CajalRetzius cellsn 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 procesgsiestified in 8/9 REVIGO plotg-ig. 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 celltymes, neur onés exci tabil.i
compromised anthus, alsdts ability to integrate intaneuralnetwork®8 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 morphatoggl|las synaptic

plasticity, maintenance, and homeostasis.

3.3 Pseudoti me anally®iratproeadi ¢tn
type emergence and i dentifies
excitatory and inhibitory sigr

We exploitedpseudotime analyste better understand the emergence and trajectory

of each cell type within our datas¥Ve used th&lonocle3plugin, an algorithm the
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incorporateglifferential gene expression dynamics wdimensionality reductioto link

cells along a pseudotemporally ordered path through Louvarian clust&rtftro

perform seudoemporal ordering of the cells, a biologicallye | evant Ar oot nod
starting point must be chosen, which we assigned as the radial glia popMairmtle3

then measures the distance between the starting points of each cetbimt #red

calculats a pseudotemporal value that represents the distance between a cell population
of interest and the starting point. After choosing the radial glia root 2ddE)4DEGs

were identified to fit along the pseudotemporal trajectati time-dependenexpression
(FDR <0.05. The unsupervised clustering of thggmegesuledin 44 total pseudotime
moduleswhich were used to produce the pseudotMAP partition plotin Fig. 15.

The pseudotime partition plot mirrored the maturation trajectory that is expected of the
developing brain, beginning with radial ghapulationsand branching off into various

post mitotic neural subtypes, each with a higher pseudotime aalass the

differentiation trajectory.

Given the consistencies between the differentiation state and cell type, we proceeded
to quantify the pseudotime distributions to get a bidadof cell type emergence. We
found that the aggregate distribution between genotypes was significantly diffetbn
Kolmogorov Smirnov test (p< 2.2e1016), suggesting changes in the developmental
trajectory.In casea specific cell type may be driving this change in trajectary
stratifiedthe pseudotimealataby individual cell typesQupplementary Hg. 7). We found
that all but the mesenchymiéte cell populations hadgnificantly different cell

trajectories when analyzed independenthith the mossignificantly altered cell type
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being the nofielencephalic hindbrain excitatory neurops<(2.2e1616, pseudotime

distancgD) = 0.21562) Table 3 provides a ranked list of affected cell types.

Table 3: Ranked list of celltype-specific pseudotemporal changes in 15q13.3 D120

UNGOs.

Statistics derived from Asymptotic tasample KolmogorosEmirnov test, two sided.

/| Sttt ¢eLs t aSdzR2aYS | t Gt dz
gl t dzS
b2 St SYOSLIKIf A0 KAYR n®HMpPCH fH Om 8
wkRAFE 3JtEAL N®OMYy Oy H f o HWbE S
I LIAOFf NI RAL f ndmMopyo B H dHCS
b2 St SYOSLIKIfAO YARDOG nommpn B H dEHCS
[ I &St OB dza & nNdOMH PN o ndnmas
LYGSNYSRAIFIGS LINRPISYAIL nondppoHT HPHmMIMS
O9EOAGI G2NB Y {dzN nondropp n ® vy ds
ht A32RSYRNRO& (S ndupnnn MmPyma$S
/] @0f Ay3 NI RAL f nondgecmon Mmbomyp S
LYKAOAG2NER ySdz noenT prpp n ® mopS

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 thetaelemcephalic cell typess they

55



Ph.D. Thesi$ S. Kilpatrick; McMaster University Biochemistry & Biomedical Sciences

more closely resemble the expected cell types of the cétix.confirming significant
changes to the pseudotemporal distribution of this cell type (p =02%seudotime

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 19Fig. 17B) and proceeded to examine clusit@rdue to its specifiexpression

in theexcitatory mature neurariuster Supplementary Fig. 8A. We classified the

modules based on GO term enrichment, wisgnapticsignalling was assigned as the
module identifier. We then tested to see if the genes within the module were significantly
different between genotypéy performing a Wilcoxomest andound a significant

increase in the aggregate gene expression in the 15q1&@datory mature neurons

(Fig. 16, p =9.161339663). We also probed the gene set and confirmed a significant
increase in ASBisk genesSYNGAPINRXNZ1 andCACNA1G We notied thatNRXN

was also one of the oveepresented signaling pathways reported in our previous
CellChatanalysis an@ssessed for the putative signaling network uiegcircle 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 neuns, and excitatory mature neurastowingthe most

apparent increasébig. 18).

We then repeated the same analysis for the inhibitory neuron popuiliatrdmch
there was also significadifferences in pseudotime distribution (p = 4 &g
pseudotime distance (D)3:079755). We observed a highly specific gene module
(module 37 Supplementary Fig. 8B from the heatmap and found it to als®

associated witynapticsignalling howeverit was more specified to GABAergic
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signalling and transmission. Using the inhibitoguronswe assessed the differential
gene expression of module 37 genes and foumalthe opposite trenthanthe
excitatory mature neurons, in that there was a decne@&&BAergic signaling irthe
15q13.3del inhibitory neuror{§ig. 17). Wethenconfirmed the reductioaf multiple
GABAergic modulatorsn the 15g13.3déhhibitory neurons, includingsAD1, SLC6A1

andERBBA4(a receptor highly enriched RV interneurons)

Wereturned to CellChat taisualize significant(p <0.05,onesided permutatiotest)
ligand-receptor pair expressidretween thénhibitory neurons and remaining cell types
to see if the pseudotime predictions (reducé&B@Bergic signaling werereflected by
inferences made by CellChaVe could not detect arsignificant changes involving
GABA; however we were surprised to fingeverakignificant reductions iNRXN-

NLGN ligandreceptor signalingFig. 18). This included NRXN 43 expression in the
inhibitory neurongacting presynapticallyland NLGN 13 in the remaining cell types (as
the postsynaptic ligand with the biggest difference between homotypic inhibiory
inhibitory interactions. We then visualized the normalized expressitire dRXN
receptor and liganih 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 neuroropulation, further bolstering the idea of excessive excitatory

neuron sigaling.

The possibility of 15q13.3del E/I imbalances at the syndgtiel 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 15g13.3.del NGN2
glutamatergidike neurons show early hyperexcitable phenotypes followed by a
reduction inactivity, suggesting that the neural activity phenotypes may be more

complex in a human background, calling for more precise human modeling.

3.4 Chaptuemmasaygdonsi derati ons

This studyrepresents the firgixploration of earlyweuraldevelopment and cell type
emergence in a human 15q13.3del backgrowwl exploitedan unbiased neural
organoid modelor its ability tospontaneously produce progenitors and mature neural
cell types from multiple brain regions, where we found changes in early radial glia
population andhe ventriculailike rosette structurehat they occupyAfter maturing the
model further and enabling these radial glial cells to mature into more diverse neural
subtypes, we identifiedtared pseudotemporal trajeaesof theprincipalneurons that
populate the cortexexcitatory neurons and inhibitory interneurpasd later predicted
disrupted and inverse changes to their synaptic transcriptomic signatures. We then sought
to examine communication more broadly, and by uaipgedictive cellular
communication platform we identified global changatsrcellular communicatiorand
in particular ofnectinandephrin signaling.

The model system and analyseatured in this chaptare not without their caveats,
however.The use of inferenebased platforms such as a CellChat and pseudotime
analysis require rigorous validations, both functionally and on the proteirtdelveld

biological meaningDue to the loss of spatial information in SCRNA Segdted
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changedetween two cell types (such as the propa$eshges té/I dynamicsg require
functionalvalidationsof their physical circuits, including recordings of baseline activity
and following stimulation of the presynaptic cell.

Given thestochastic nature of UNO cell differentiatidreterogeneity is inheremt
the system and only increases as the organoids mature and differentiate Tineher
diversity in cell types makes circuit phenotyping difficult, as the proportion of altered cell
types such as excitatory mature neurons and inhibitory neurons can beailoted
competed by nottelencephalic neural populations. In additioiNO models do not
provide the signaling cuesd microenvironmemecessary for directed interneuron
migration,which is a developmental milestone thagely 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
neuralcell type are guided neural organoids, which cagdreerated by adding patterning
factors that direct the organoid towards a particular lineage or brain region. Using this
system, we wilbetter characterize abnormalities that are specific to excitatory and
inhibitory neurons andombine them into assembloids to assess the circuit development

and intercommunication between the two cell types.
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3.5 Chapter 3 Figures
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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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Figure 5: 15913.3del unguided neural organoids (UNOs) show an increase in organoid size.

(A) Schematic of 15913.3del 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),-27632 (Rock inhibitor, iIROCK).

(C) Representative 4x brightfield images of day 40 15g13.3del UNOs from famies 1
and measured surface area (combined data, (WT 1 Al8,IMET 1 n = 1519/patient).
Dataanalyzed by twd ai | e d -tedt, d*Hpe<rO0GL svalues represent mean

S.E.M.
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Figure 6: 15913.3unguided 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 Byulsed15q13.3 cerebral
organoids (Bottomyjuantification of double positive Ki6BrdU" cell populations, cell
cycle exit (Ki67BrdU*) and DAPT nuclei density; Control n = 9 ventricles, 15913.3
proband n= 12 ventricles across 3 organoids from fanfiligs

(B) (Top) Representative DAPhuclei traces processed in CellProfiler and (right)
guantification of nuclei densitypata analyzed bytwo ai | e d -test,md=e nt 0 s

nonsignificant, * p <0.05** p < 0.001, values represent meanS.E.M.
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Figure 7: Pipeline schematic for processing and analyzing single cell RNA sequencing i

unguided neural organoids.

Single cell sequencing (scRNA Seq) of three 15g13.3del families includes tissue
dissociation at two timepoints, followed by library generation, mMRNA sequencing, and
read alignment to the human genome. Seurat package was used for downstream
processing of itegrated dataset, which includes data normalization, cell clustering, and
downstream analyses such as CellChat and pseudotime analysis. Analysis pipeline

designed by PhD student Jarryll Uy.
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Supplementary Tablel: Population cell counts in Day 40 UNO scRNA Seq.
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Figure 8: Immature unguided neural organoids display an increase in radial glia

populations with reductions in neurogenesisassociated pathways.

(A) Day 40 UMAP plot (0.15 resolutiogontrol N = 13 475 cells,5913.3deN = 16

260 cells)across 3 families. a/RG/S/G2M (apical/radjaa/interphase/GMitosis), OPC
(oligodendrocyte precursor cell), EXM (excitatory mature neuron), IP/S (intermediate
progenitor/in interphase), NPC (neural progenitor cell), C&d}Retziug cells, unk
(unknown).

(B) UMAP visualization of cell population densities filtered by genotype.

(C) (Left) Cell proportion test and (right) poiringe plot from permutation test results
with bootstrapping for cellular proportions. Dashed line represents FDR < 0.05 and
absolute Log?2 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 neurogenesissociated geneBDR = 5.68el6) also share
enrichment for cell adhesion (FDR = 0.0019)
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Figure 9: Radial glia dynamics are altered at the structural level in
15¢13.3del UNOs.

(A) UMAP visualization plot of normalized SOX2 mRNA expression.

(B) Aggregate mRNA expression of SOX2 transcript stratified by genotype (p < 0.001,
nontparametric Wilcoxon rank sum test).

(C) (Top) Representative 20x images from Day 40 15g13.3del UNOs Famifies 1

(Bottom) quantification of rosette area, proportion of TBRé&wborn neurons within

organoid rosettes, and proportion of rosettes with circular formation. Control = 11
rosettes, N 15q13.3del = 13 rosettes. Data represent ng&fin organoid slices;
**p<0.01, ***p<0.0@st; studentds unpaired
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Figure 10: Mature 15913.3 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 3/5n =10, HET 3/51 n = 9).and
measured surface area.
(C) (Left) Representative DAPhuclei traces processed in CellProfiler and (right)
guantification of nuclei density from three 15q13.3del families. Data represent mean

3%t n organoid slices; *p<0.05, *ttestp<0.01,
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Figure 11: Mature unguided neural organoids produce diverse neural populations

that express the 15913.3 genes

(A) Schematic of single cell experiment at day 120 timepoint.

(B) Day 120 UMAP plot (0.15 resolutiogontrol N =31 784 cells}5913.3deN = 3

6671 cellsyacross 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),-MdiEXNT Hind (nontelencephalic
hindbrain excitatory n&on), Nontel EXNT Mid (nontelencephalic midbrain excitatory
neuron), , InhibN (inhibitory neuron), IP (intermediate progenitor)nt#bN (inhibitory
intermedia¢ progenitor), CRGajalRetziug cells.

(C) UMAP representation highlighting normalized gene expression of 15q13.3 genes
KLF13, FANL OTUD7A CHRNA7, andMTMR1Q
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Supplementary Table2: Population cell counts in Day 120 UNO scRNA Seq.
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Figure 12 Validation of scRNA Seq DEGand OTUD7A interactor, ANK3.

(A) Day 120 UMAP plot (0.15 resolutioontrol N =31 784 cells, 15913.3del N =3
6671 cellsycross 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),-MdiEXNT Hind (nontelencephalic
hindbrain excitatory n&on), Nontel EXNT Mid (nontelencephalic midbrain excitatory
neuron), , InhibN (inhibitory neuron), IP (intermediate progenitor)nt#bN (inhibitory
intermaliate progenitor), CRGajalRetziug cells.

(B) UMAP representation of normalized gene expression of ANK3.

(C) Aggregate mRNA expression of ANK3 (Anky¥(®) transcript stratified by genotype
(p < 0.001, norparametric Wilcoxon rank sum test).

(D) ANK3 protein is reduced in-thonth 15g13.3 family 3 UNOs. NWT n = 4,

15913.3 HET proband = Bata analyzed bytwo ai | ed -gdtogd=ent 6s t
nonsignificant, * p <0.05** p < 0.001, values represent meanS.E.M.
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Figure 13: CellChat analysis predicts global deficits in ceitell
communication in mature 15q13.3del unguided neural organoids.

(A) Schematic of CellChat and pseudotime processing adaptedifnanhal., 2021

Nature Communications.

(B) CellChat predicts reductions in 15g13.3dehonthUNOs interaction number and
strength. (Top) bar plots of weighted interaction number and strength for the predicted
ligand-receptor interactions in aggregaf€) 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).
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Figure 14: Deficits in cell adhesion pathways and communication angredicted 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
EPHB (EphrinB)

(B) Circle plots of top adhesigbased celtell 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 scorenbetwee
interacting cell clusters, respectively.

(C) REVIGO treemap plots alverrepresented gene ontology terms in downregulated

gene sets show enrichment for eadlhesion biological pathways.
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Figure 15: Mature unguided neural organoids have global changes in pseudotempora

trajectories.

(A) Pseudotime UMAP patrtition plot of cell trajectories, chosen root node = radial glia
cluster.

(B) Pseudotime ridge plot reveals abnormal cellular trajectory density amongst
15q13.3detell types in aggregate (Kolmogoiidmirnov test p = 2.2e106)
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Figure 16. Excitatory mature neurons have enrichment for synaptic signaling gene modules.

(A) Pseudotime ridge plot reveals abnormal cellular trajectory density amongst
15913.3detell types in aggregate (Kolmogoiidmirnov test p = 2.2e106) and

amongst excitatory mature neurons (p = 4-@8p

(B) Heatmap opseudotimanodules based on aggregate DEG expression with
highlighted excitatory neurespecific (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 = 9.1613368).

(D) Genes within synaptic transmission module are increased in 15q13.3del excitatory
mature neurons (Wilcox test, CACNALG (p= 8.421248% NRXN1 (p = 1.982136e

18), SYNGAP1 (p%.984738653).
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Kolmogorov-Smirnov test p-value = 2.2e-16
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Figure 17: GABAergic transmission modules are disrupted in 15q13.3dle inhibitory neuron

populations.

(A) Pseudotime ridge plot reveals abnormal cellular trajectory density amongst
15q13.3detell types in aggregate (Kolmogoiidmirnov test p = 2.2e106) and
amongst inhibitory neurons (p = 4.088)

(B) Heatmap of psalotime modules based on aggregate DEG expression with
highlighted inhibitory neurospecific (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 =
1.49726, Wilcox test, p = 1.495263K1).

(D) Genes within GABAergic transmission module are decreased in 15g13.3del
inhibitory neurons (Wilcox test, GAD1 (p= 1.2576924), SLC6A1 (p=8.0912789),
ERBB4 (p = 3.24573183).
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