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Abstract

The mammalian neocortex supports conscious functions through development of
carefully coordinated connectivities. Ultimately, proper circuit wiring requires
harmonious interplay between cell autonomous and non-cell autonomous events.
Disruption of these processes during corticogenesis can cause alterations in brain
circuits. Recently, dysfunction of chromatin remodelers has been increasingly
associated with neurodevelopmental disorders, often presenting with connectivity
changes. Chromatin remodelers mediate processes that occur on DNA, such as DNA
replication, transcription, and DNA repair, and each of these facets has the capacity to
impact circuit development. Mutations in ARID1A, a critical subunit of the BAF
chromatin remodeling complex, are associated with the neurodevelopmental disorder
Coffin-Siris syndrome. However, how Arid7a orchestrates brain development has not

been established.

Here, | leveraged a complement of mouse genetic tools to assess spatiotemporal
and cell type-specific requirements for ubiquitously expressed Arid7a during cortical
development. | uncovered surprising cell autonomous and non-cell autonomous Arid71a
functions to direct cortical circuit formation. Conditional deletion of Arid1a from cortical
neural progenitors led to widespread misrouting of callosal and thalamocortical
connectivities. Surprisingly, disruption of both tracts was due to non-cell autonomous

Arid1a functions. Putative callosal axons were wrongly directed radially toward the pia,



whereas thalamocortical projections entered the cortex via an aberrant trajectory, failed
to pause within the subplate, and did not organize into stereotypical whisker barrels.
Using conditional deletion of Arid1a from newly postmitotic neurons, | narrowed the
potential critical window for Arid7a’s circuit wiring influence to encompass progenitors
and neurons shortly after their genesis; postmitotic deletion failed to alter brain wiring.
Thus, Arid1a non-cell autonomously directs the developmental establishment of major

cortical circuits.

Arid1a’s control over development of cortical connectivity was centered on a
surprising cell type-specific role. Underlining its role in transcriptomic regulation, Arid7a
was necessary to establish neuronal gene expression, largely that of subplate neurons.
Subplate neuron gene expression changes were concomitant with pronounced
disruption of their organization, morphologies, projections, and extracellular matrix,
major proposed contributors to subplate-dependent circuit wiring. To define
requirements for subplate Arid1a, | introduced a novel approach to assess gene
necessity and sufficiency in subplate neurons during corticogenesis. Remarkably,
sparing subplate neurons from Arid1a deletion was sufficient to enable proper formation
of both callosal and thalamocortical connectivity. Therefore, Arid7a coordinates
developmental brain wiring via cell autonomous and non-cell autonomous influences

centered on subplate neurons.

Together, this work identified a multifaceted regulator of subplate neuron-
dependent cortical development. Subplate neurons are the firstborn cortical neurons,
situated at the interface of cortical grey and white matter and ideally positioned to direct

nascent circuitry. | provide empirical support for their relationship with thalamocortical

Xi



axon targeting and, despite previous contradicting reports, add strong evidence for their
involvement during callosal formation. These findings raise important questions and
possibilities for cell type-specific roles of ubiquitous chromatin remodelers, subplate
orchestration of corpus callosum development, and consequences of subplate

dysfunction in developmental brain disorders.
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Chapter 1: Neocortical Origination, Organization, and Optimization

Thesis Overview

The neocortex is the crux of mammalian evolution and exceptional conscious
capabilities. Its dysfunction contributes broadly to developmental disorders, including
autism spectrum disorder (ASD), intellectual disability, and schizophrenia. While
decades of work have focused on mechanisms governing brain development,
innumerable intricacies of how the brain is built remain unknown. This thesis aims to
understand how Arid1a, a DNA-binding subunit of the BAF (BRG1/BRM associated
factor) chromatin remodeling complex, orchestrates neuronal function and connectivity
in the developing neocortex. In Chapter 1, | focus on our current understanding of
emergence of the neocortex, its constituents and connectivities, and molecular
mechanisms underpinning these functions. In Chapter 2, | report Arid7a’s unique non-
cell autonomous contributions during cortical development to direct cortical efferent and
afferent circuitry, including major interhemispheric connectivity. In Chapter 3, | describe
Arid1a’s cell autonomous impact in subplate neuron (SPN) identity, morphology,
projections, and extracellular matrix (ECM), factors likely governing non-cell
autonomous influences, and subplate (SP) Arid1a’s surprising sufficiency in
coordinating cortical connectivity. In Chapter 4 this thesis culminates with how my
findings factor into our understanding of brain wiring how SPNs orchestrate circuitry,

and future studies to uncover connectivity influences of distinct SP features.



Evolutionary emergence of the neocortex

The cerebral cortex underlies mammalian species’ conscious thoughts, actions,
and perceptions. Although many non-mammalian organisms have brain regions with
relative homology to the neocortex, its initial appearance coincides with the divergence
of mammals from other chordates: reptiles, amphibians, birds, and fish (1). The
neocortex has not remained stagnant since its inception. Instead, stark differences are
apparent across mammalian species. While the laminar structure is largely consistent,
the primate neocortex, especially in modern-day humans, displays a remarkable
increase in not only in general size, but also in complexity and connectivity (2). The
complexities of the neocortex leave it extraordinarily susceptible to genomic disruptions
that can alter structure, function, and overall brain connectivity. Numerous human
developmental disorders including ASD, intellectual disability, and schizophrenia have
distinct neocortical phenotypes both in organization and circuitry (3). How distinct
genetic mechanisms contribute to developmental disorders remains an active field of
research and necessitates consideration of both conserved and human-specific

contributions to brain development.

Development and structure of the forebrain

During fetal development, the three primitive germ layers; endoderm, ectoderm,
and mesoderm; differentiate to form distinct organs and tissues. Endoderm and
mesoderm derivatives include liver and skeletal muscle, respectively, whereas
ectoderm generates the central nervous system and neural crest. Early in
embryogenesis, the ectoderm-derived neural plate folds, and completion of primary

neurulation results in the formation of three primary vesicles; the prosencephalon,
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mesencephalon, and rhombencephalon; ultimately becoming forebrain, midbrain, and
hindbrain, respectively. The forebrain is further subdivided into two structures that are
fused together: telencephalon (cerebral hemispheres and basal ganglia) and
diencephalon (thalamus and hypothalamus, as well as some other smaller structures).
Each region has distinct neuronal cell types, connectivities, and influences on

organismal function.

The cerebral cortex is the outermost portion, the “bark” of the brain. Contained
within it is a whole host of neuronal, glial, ependymal, and endothelial cells. They are
organized such that, in the mammalian allocortex (archicortex and paleocortex) and
neocortex (isocortex), there are up to six unique layers, containing cell bodies (grey
matter) sitting directly above efferent and afferent projections (white matter [WM]). The
neurons, primarily GABAergic and glutamatergic, transmit signals via electrical activity
and release of neurotransmitters for communication both within and outside the brain.
The resulting cortical signalling underlies our species’ remarkable conscious

capabilities.

Ventromedial to the cerebral cortex sit the basal ganglia, the striatum (caudate
putamen in rodents and caudate nucleus and putamen in higher mammals), globus
pallidus, substantia nigra, subthalamic nucleus, nucleus accumbens, and ventral
pallidum. Together, they contain a neuronal repertoire with vast neurotransmitter
capabilities (e.g. GABAergic, glutamatergic, dopaminergic, and cholinergic) that receive
input from a variety of brain regions and primarily project within the basal ganglia and to

the thalamus (4). These connections mediate processes such as emotion and fine



motor movements, and their dysfunction is associated with degenerative disorders

including Parkinson’s disease (5).

In contrast to telencephalic structures, the diencephalon largely acts as a hub to
pause, refine, and transmit information to its necessary destination. The largest
mediator of these functions is the thalamus. The thalamus is a collection of neighboring
nuclei across the mediolateral and rostrocaudal axes of the brain, containing mainly
GABAergic and glutamatergic neurons (6). These neurons are essential to transmit
sensory information to the cerebral cortex where it can be processed. Disruption of
thalamic projections may contribute to hypersensitivity in many neurodevelopmental
disorders such as ASD (7, 8). Together, the coordinated formation of telencephalic and
diencephalic structures from the forebrain is integral for conscious and unconscious
actions, emotions, and overall function, the precision and depth of which vary coincident

with evolutionary alterations across mammals, reptiles, invertebrates, etc.

Neocortical divergence of mammals

Reptiles and mammals reside together within the amniote clade but are
exceptionally distinct from each other in their visual appearances, movements, and
importantly, underlying brains. The initial divergence of Sauropsida (sauropsids,
including reptiles) and Synapsida (synapsids, including mammals) occurred during the
late Carboniferous and early Permian period; the last common ancestor between the
groups was 310-320 million years ago (9-11). Interestingly, this split in the phylogenetic
tree was based in part on skull structure and other skeletal features (12, 13). Over the
past 310 million years or so, sauropsids have further differentiated into anapsids

(extinct, but controversially may include turtles) and diapsids (reptiles and birds) (14).
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Synapsids encompass prototherian (monotreme, e.g. platypus), metatherian (marsupial,
e.g. koalas), and eutherian (placental, e.g. rodents and primates) mammals (13).
Although these organisms have brains of similar relative size based on body mass (15),
accompanying millions of years of evolution are robust changes in brain architecture,

intermingled with conservation (16).

In both turtles and lizards, the telencephalon contains, among others, medial
cortex, dorsomedial cortex, dorsal cortex, lateral cortex, and dorsal ventricular ridge.
(Figure 1.1). The mammalian telencephalon has many similarities with these structures.
For example, medial cortex is similar to mammalian hippocampus and lateral cortex to
piriform cortex. However, it also contains a novel structure. The aptly named neocortex
(meaning new cortex) is comparable in its location to the reptilian dorsal cortex (16).
Although it is thought to contain some evolutionarily conserved cell types, the neocortex

is defined by myriad unique features.

The reptilian dorsal cortex is laminated, but only includes three layers compared
to the six-layered mammalian neocortex. Single-cell transcriptomics support the notion
that the vast repertoire of excitatory, glutamatergic neurons within the mammalian
neocortex are grossly unique from those found in reptiles (17). Interestingly, and in stark
contrast, although there is tremendous diversity in mammalian GABAergic cortical
neurons, many of these subtypes are conserved within dorsal cortex of reptiles based
on comparison of single-cell RNA-sequencing (RNA-seq) (17). Recent work uncovered
that, while some ventral brain structures and cell types are even further conserved with
non-amniotes including amphibians (e.g. salamander, Pleurodeles waltl), molecularly

the dorsal forebrain is relatively unique (18). Crucially, two of the evolutionarily
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emergent layers of neocortical cells contain SP and Cajal-Retzius neurons. While some
molecular markers of these neurons are present in dorsal regions of non-mammals,
their ultimate arrangement is lacking (19, 20). SP and Cajal-Retzius neurons are among
the first neurons born in the fetal neocortex (21), and their appearance and constructive
organization likely govern orchestration of neocortical development. Together, the
mammalian neocortex depends on an evolutionarily unique set of excitatory neuron
subtypes to complement conserved inhibitory neurons. These new neuronal subtypes
may support the appearance of mammals, but what molecular programs define
excitatory neurons in the mammalian neocortex and enable exceptional cognitive

abilities?
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Figure 1.1 Species-specific structure of the dorsal forebrain

Schematic illustrations (not to scale) of Sauropsid and Synapsid forebrain. The reptilian
dorsal forebrain contains three distinct, horizontal layers The mammalian neocortex is
conserved across lissencephalic and gyrencephalic mammalian species, with six
cortical layers and glutamatergic neuron types not found in sauropsids.

aDVR: anterior dorsal ventricular ridge, CC: corpus callosum, dCtx: dorsal cortex,
dmCitx: dorsomedial cortex, Hp: hippocampus, Hyp: hypothalamus, IC: internal capsule,
ICtx: lateral cortex, mCtx: medial cortex, Nctx: neocortex, Pctx: piriform cortex, pDVR:
posterior dorsal ventricular ridge, Thal: thalamus
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From mice to men

The mammalian neocortex contains six cytoarchitectonically distinct horizontal
layers of neurons with unique identities, projections, and functions. Although this
organization is relatively consistent across mammalian species, there is incredible
diversity in neocortical cell types and overall structure and connectivity. Mice have a
smooth, lissencephalic brain while primates have an extensively folded, gyrencephalic
brain with increased area for cells. This folding is due in part to ARGHAP11B, which
emerges evolutionarily in primates and is absent from rodents. ARGHAP11B expression
in mice is sufficient to initiate cortical folding (22). In addition to cortical folding, novel
connectivity and neuronal subtypes (similar to reptiles versus mammals) may explain, at

least in part, the remarkable extent to which the human brain has evolved.

One factor that can contribute to human-specific features is termed “human
accelerated regions.” Human accelerated regions are genomic loci largely conserved
throughout mammals but with distinct sequence changes in humans (23). These
alterations are thought to contribute to human-specific functions. One example of this is
PPP1R17. Human accelerated regions are proposed to contribute to a human-specific
pattern of PPP1R17, which coordinates cell cycle length and ultimately regulates neural
progenitor cell (NPC) divisions (24). Once progenitors divide, they produce neuronal

progeny. Genomic modifications could contribute to human-specific neuronal identities.

Rodents have increased glutamatergic neuron subtypes compared to reptiles,
with a relative conservation in GABAergic subtypes (17). Interestingly, GABAergic
neurons do appear to ultimately diverge within mammals. The human neocortex is

characterized by tyrosine hydroxylase (TH)-positive GABAergic neurons that are born
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subcortically and migrate tangentially (25). However, these neurons are not found in
neocortex of rhesus macaque (Macaca mulatta) or chimpanzee (Pan troglodytes), and
likely not in rodents (25). Why are these GABAergic neurons specific to humans? Sousa
et al. suggest two interesting possibilities in their manuscript (25): 1) “these cells could
have been lost due to genetic disruptions affecting interneuron migration, differentiation,
or survival” and 2) “A second possibility is that these interneurons are present in the
non-human African ape cortex but do not express TH, do so only transiently, or die prior
to our ability to detect them." Evolutionary changes don't only occur at the
transcriptomic level. Posttranscriptional mechanisms can contribute to human-specific
cortical neuron features (26). Ultimately, emergent neuronal subtypes may support

increased control of conscious and unconscious features underlying human function.

From the genome to neuronal identities to brain regions, evolutionary differences
become more grossly evident. One prime example of regional expansion is the
prefrontal cortex, specifically L4, in humans and other primates versus rodents (27, 28).
The prefrontal cortex is associated with cognitive functions and its dysfunction is
implicated in developmental disorders including ASD and schizophrenia (29). However,
the molecular mechanisms contributing to its relative growth have only recently begun
to be unraveled. Interestingly, across primate species but not rodents, retinoic acid and
its signalling partners are abundant in mid-fetal prefrontal cortex (30). This signalling is
associated with enrichment of CBLNZ2 and ultimately an increased synaptic connectivity
(31). To control these species-distinct patterns, CbIn2 expression in mouse is restricted
by Sox5-mediated repression, but the putative SOX5 binding sites in regulatory regions

near CBLNZ2 are eliminated in primate (31). Activation of CBLNZ2 by retinoic acid



signalling and elimination of repressive regulatory elements can support increased area
synaptogenesis of the prefrontal cortex (30, 31), potentially underlying cognitive
functions that have arisen in primates and particularly humans. Together, the genomic
alterations along with the emergence of cell types, expanded brain regions, and
increased connectivity can explain, at least in part, the evolutionary divergence of

rodents and primates, specifically humans.

Sequential cortical neurogenesis

The mammalian neocortex is defined by six horizontal layers of neurons,
conveniently named L1-6. Of these layers, L2-6 includes a mix of excitatory and
inhibitory neurons whereas L1 contains exclusively inhibitory neurons (21).
Glutamatergic excitatory neurons encompass a variety of morphological and molecular
subtypes that are identifiable in part based on their laminar position. Despite the
diversity of their neuronal identities, cortical excitatory neurons are derived from the
same pool of NPCs. Conflicting studies have suggested and refuted that, perhaps, in
mouse, there may be subgroups within the NPC pool that are lineage-restricted, such
that they are only capable of generating certain subtypes of excitatory neurons (32-35).
Regardless of the existence of fate-restricted NPCs, it is well-established using clonal
analyses that some NPCs produce excitatory neurons spanning L2-6 (36). The
production of these neurons occurs in a sequential, inside-out manner (Figure 1.2).
Disrupting the sequential generation of cortical neurons can contribute to changes in
brain circuitry and ultimately function. Thus, the mechanisms regulating NPC
neurogenic progression from L6 to L2 have been, and remain, subjects of tremendous
interest.
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Figure 1.2: Neocortical sequential corticogenesis

Cortical neural progenitors divide symmetrically to expand the pool and enable
production of numerous progeny. Starting around E11 in mouse, NPCs divide via
asymmetric, neurogenic divisions to generate neurons of the neocortex. Cortical
excitatory neurons are produced in a sequential, inside-out fashion such that subplate
neurons are born first followed by L6, L5, L4, and L2/3. Progenitors then proceed to
gliogenesis around E17, generating astrocytes and other glial cell types which populate
the neocortex.

IPC: intermediate progenitor cell, NPC: neural progenitor cell, SVZ: subventricular zone,
VZ: ventricular zone
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Neurogenic competency and progeny

During nervous system development, multipotent neuroepithelial cells originate
from the ectoderm and sit near the ventricular system while contacting both the pial and
ventricular surfaces of the developing neocortex. Prior to the genesis of cortical
neurons, neuroepithelial cells undergo a state transition by altering their gene
expression profiles and reorganizing tight junctions to produce a progenitor type called
radial glia (RG) (37-39). RG generate the long-term tenants of the cortex. Their basal
process, reaching toward the pia, provides a scaffold by which developing neurons are
guided to their ultimate destinations (Figure 1.3) (40). The apical process, directed
toward the lateral ventricle, receives signalling cues from circulating cerebrospinal fluid,
especially via primary cilia extended into the ventricles (41, 42). Precise morphological

features of RG are necessary to coordinate cortical organization and function.

RG ultimately produce the entire complement of cortical excitatory neurons,
either directly or indirectly, and therefore must be actively cycling throughout
corticogenesis. During the RG cell cycle, the nucleus undergoes robust, kinesin-
dependent localization changes in a process termed interkinetic nuclear migration
(Figure 1.3 B) (43-46). As RG progress through G1 phase, the nucleus moves into the
upper VZ to go through S-phase and double their DNA. Following replication and during
G2 phase, the nucleus descends toward the ventricular surface where RG undergo
mitosis and cytokinesis to produce two daughter cells (47). The importance of this
process is illustrated by its dysfunction. Disruption of PAFAH1B1 (LIS1), and thus
interkinetic nuclear migration (48), is associated with lissencephaly in humans (49).

Following S phase and DNA replication, the RG and future daughter cells rely on the
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mitotic spindle, spindle assembly checkpoint, and cleavage furrow to appropriately
segregate sister chromatids and divide into two daughter cells without producing
widespread aneuploidy or exponentially deleterious structural variants. Failure of these
processes can lead to widespread apoptosis of RG, clearance of debris by microglia,

and the inability to produce additional neurons or glia (50-52).

RG divide both symmetrically, to exponentially expand the progenitor pool, and
asymmetrically to generate the necessary neuronal and glial progeny. Expansive self-
renewal produces two daughter RG from a single mother RG. This occurs reliant on
coordination of RG cell surface proteins and circulating proteins within cerebrospinal
fluid. In developing RG, division is influenced by interplay between Pten and Pals1 to
display IGF1R on primary cilia at the ventricular surface and enable subsequent binding
of IGF2 circulating through cerebrospinal fluid (53). Loss of either Igf1r or Igf2 leads to a
reduction in mitotic RG and ultimately microcephaly (53), highlighting the importance of

both intrinsic (/gf1r) and extrinsic (/gf2) coordination to support RG division.

RG transition from symmetric, expansive to asymmetric, neurogenic divisions in
a stereotyped manner described by the transverse neurogenetic gradient. This process
begins at the rostrolateral and ends in the caudomedial portions of the cortex (54-56).
Starting around embryonic day (E) 11 in mouse, the first cortical neurons are generated
and migrate to the pial surface to construct the preplate, a transient structure comprised
of future subplate and marginal zone/L1 neurons (57). Subsequently, cortical plate (CP)
neurons are generated until about E17 in a sequential, inside-out manner, L6 > L5 >
L4 > L3 > L2 (Figure 1.2) (58, 59). They migrate through the intermediate zone (12),

split the preplate, and create the CP. Preplate splitting separates the neurons into
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marginal zone, abutted to the pial surface, and SP zone, sitting right below L6 and at
the interface of cortical grey and white matter. Frequently, RG will give rise to about 8-9
neurons throughout their lifetime, and about 12% of neurogenic RG will eventually
produce glia (36). The neurons from a single RG are spread throughout the cortical
lamination in a column-like structure. These columns are comparable spatially and
genetically and form the basis of the radial unit hypothesis that proposes the neocortex

is composed of many repeating cortical columns generated from distinct RG (60, 61).

The transition in RG division mode is highly correlated with alterations in cell
cycle dynamics. In comparison to symmetrically dividing RG, neurogenically dividing RG
undergo lengthened G1 and M phases, but a decrease in S phase (62, 63). Altering the
length of cell cycle phases is sufficient to convert RG to self-renewing or neurogenic
states (64, 65). Once RG reach M phase they are partitioned into two daughter cells.
The cleavage plane orientation during this process has been linked to division mode in
invertebrates (66-68). While some studies associated mammalian RG plane of division
with division mode (69-71), mitotic spindle orientation during cleavage is insufficient to
differentiate between symmetric proliferative and symmetric neurogenic divisions (69).
The transition of RG division mode from symmetric to asymmetric also coincides with
ingrowth of cerebral vasculature and altered metabolic state (72-75). Together, various

molecular processes contribute to the method by which RG divide.

NPCs in the neocortex, however, are not all equal. In fact, there are multiple
spatiotemporally unique subtypes. Apical radial glia (aRG) are housed within the cortical
ventricular zone (VZ) and extend a radial, basal process up to the pial surface, thereby

creating a consistent scaffold along the cortical wall. During deep-layer (L6/5)
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neurogenesis aRG begin producing an alternative progenitor type known as an
intermediate progenitor cell (IPC) (21, 76). IPCs are largely housed superficially to the
VZ, within the subventricular zone (SVZ), and are clearly delineated from aRG by
morphological and molecular identities. While aRG are often bipolar and express high
levels of Sox2, but not Eomes (Thr2), IPCs express Eomes and present a variety of
morphologies, primarily spherical, short multipolar, and horizontal, but occasionally
bipolar (77). Importantly, IPCs primarily undergo symmetric, neurogenic divisions and
are thus significant producers of neurons during later neurogenesis. Their disruption is

associated with neurodevelopmental disorders and reduced neuronal quantity (78, 79).

Fine-tuning of neuronal generation is based on diverse NPCs. In addition to aRG
and IPCs, neurons are generated from basal radial glia (bRG, also known as outer
radial glia) and truncated radial glia (tRG) (Figure 1.3 A). bRG are housed within the
SVZ and extend a process to the pial surface, but in contrast to aRG, they do not send
a process to the ventricular surface to receive signalling from circulated cerebrospinal
fluid (80, 81). While bRG are substantial contributors in primates, they are present only
at low levels in lissencephalic rodents (82). Alternatively, tRG have only been described
in gyrencephalic mammals, including humans (Homo sapiens) and ferrets (Mustela
putorius furo) (83-85). They are found in the VZ with a connection to the ventricular
surface, but in contrast to aRG and bRG, their basal process does not extend beyond
the SVZ. Often, the basal process of tRG terminates on or near developing vasculature
(81) and cannot contribute extensively to the RG scaffold utilized by postmitotic neurons
after early migration (84, 86). Together, bRG and tRG are thought to contribute to

upper-layer neuron expansion in primates compared to their rodent counterparts.
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A Rodent Primate B C  Neuronal migration

Interkinetic nuclear migration

Figure 1.3: Diverse neural progenitors and neuronal migration

(A) The developing neocortex contains a variety of progenitor subtypes. In rodents,
these include aRG and IPCs, with modest contributions from bRG. In contrast primate
neocortex features a substantial increase in bRG and the appearance of tRG. Based on
features in (81).

(B) During aRG cell cycle, the nucleus is positioned in predefined areas based on its
phase of the cell cycle, known as interkinetic nuclear migration. Beginning near the
ventricular surface, the nucleus ascends to the outer portion of the VZ for S phase and
travels back to the ventricular surface to go through M phase and divide. Adapted from
(87).

(C) Following its genesis, a neuron exhibits multiple migration states. Initially, cortical
excitatory neurons migrate in a multipolar manner, but upon reaching the SP they
transition to a bipolar phase. This bipolar phase can include locomotion and somal
translocation, and following migration the new excitatory neurons populate CP.

aRG: apical radial glia, bRG: basal radial glia, CP: cortical plate, IPC: intermediate

progenitor cell, 1Z: intermediate zone, MZ: marginal zone, SP: subplate, SVZ:
subventricular zone, tRG: truncated radial glia, VZ: ventricular zone
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Regulation of neurogenesis resulting from NPC divisions depends on intrinsic
and extrinsic signalling mechanisms to produce the proper neuronal subtypes at the
correct time. However, it remains unclear what combination of cell and non-cell
autonomous mechanisms orchestrate the temporal and sequential generation of
neuronal and glial cell types from NPCs. Early NPCs largely produce deep-layer (L5-6),
whereas later NPCs generate upper-layer neurons (L2-4). Pioneering work revealed
that subtype-specific production of neurons is not solely based on intrinsic NPC
properties, but rather in tandem with the environment (88). Interestingly, even once
NPCs have transitioned to neurogenic divisions, they do not always retain their capacity
to generate both deep- and upper-layer neurons. Transplantation of early NPCs into a
late corticogenic environment shifts output to upper-layer neurons (88, 89). In
agreement, late NPCs can produce deep-layer neurons when transplanted into an early
environment (89). However, this capacity may be restricted to aRG, as broad pools of
late NPCs (88) or specific analysis of IPCs (89) maintain restriction to upper-layer
neuron production independent of environment. Interestingly, both the transition from
proliferative to neurogenic divisions (90) and the aRG capacity to generate diverse
neuronal subtypes (89) are dependent on the Wnt/B-catenin signalling pathway and
likely restricted by the cell cycle stage of RG when cues are introduced (91). Altogether,
the ability of NPCs to generate widespread neuronal subtypes is progressively

restricted, both by intrinsic and extrinsic mechanisms in the developing cortex.

Autonomously, it’s thought the epigenomic landscape directs sequential output of
deep-layer neurons - upper-layer neurons - glia. In support of this, a variety of

epigenetic factors influence neurogenic production in the developing neocortex. In part,
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this can be based on deposition and removal of histone modifications. Trimethylation of
lysine 27 on histone H3 (H3K27me3) is a repressive mark, disruption of which leads to
de-repression (92, 93). In the developing brain, deletion of the histone modifiers Ezh2 or
Eed, which are essential for PRC2’s (polycomb repressive complex 2’s) catalysis and
deposition of H3K27me3, alters cortical production of both neurons and astrocytes (94-
97) and mutations in EED are associated with intellectual disability and Cohen-Gibson
syndrome (98). However, some findings suggest that PRC2 may impact cortical
neurogenesis at a population level rather than exclusively cell autonomously (97).
Alternatively, H3K4me3, a mark of active chromatin, can be deposited by various lysine
methyltransferases including KMT2A and KMT2D (MLL1and MLL2) (99). Mutations in
KMT2A and KMT2D, are associated with intellectual disability and developmental
disorders including Wiedemann-Steiner syndrome (100) and Kabuki syndrome (101).
Interestingly, synergy between H3K27me3 and H3K4me3 is integral for fine-tuning gene
expression. Genomic loci coated with both marks are termed bivalent, quite common in
stem cells, and resolved over time to activate or repress gene expression (102). The
inability to resolve bivalent loci is coincident with unrefined neuronal fates (103).
However, the coordination between, and precise necessity of, epigenetic regulation in
NPCs and newly born postmitotic neurons to orchestrate sequential corticogenesis

remains unclear.

Following generation of cortical excitatory neurons, progenitors transition to
gliogenesis, during which they produce various glial cell types and precursors (86).
Together, glial cell types support proper neuronal functioning via involvement in

synapses, neurotransmitter recycling, and myelination to support action potential
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propagation. Together, coordination of RG, IPCs, astrocyte precursors, and
oligodendrocyte precursors via intrinsic and extrinsic mechanisms are indispensable for

formation of an organized and functional brain.

Neuronal migration

Cortical excitatory neurons are generated by RG and IPCs. Following their birth,
these neurons travel radially toward the pial surface to reach their individual
destinations underlying cortical function (Figure 1.3 C) (21, 40, 60, 104). To traverse
the cortical wall and reach the CP, excitatory neurons utilize three distinct modes of
movement, multipolar migration, locomotion, and somal translocation, and two major
morphological presentations, multipolar and bipolar (76, 105). Shortly after their
genesis, neurons are largely situated within the SVZ and IZ. They exhibit multipolar
migration and morphology, extend and retract numerous processes that are not closely
apposed to RG fibers, and do not necessarily travel in a radial trajectory (76). Upon
close proximity with the SP zone, multipolar migrating neurons transition to a bipolar
morphology, mediated in part by DCX and FLNA (106-108). This morphological change
coincides with an adjustment to locomotion- or somal translocation-based migration.
During locomotion, neurons travel up RG fibers and move at incredibly diverse rates;
they pause, speed up, and slow down (76). However, in somal translocation, the
migrating neuron extends a leading process up to the pial surface and the soma moves
ascends at a relatively consistent rate until it has reached its destination (76).
Interestingly, it's unclear whether neurons migrating via somal translocation require a
state change to locomotion, but neurons beginning with locomotion often switch to

somal translocation as they are completing migration (109). Proper migration requires
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centrosomal microtubule nucleation and reorganization. In postmitotic neurons, this
process couples the nucleus to the soma during somal translocation. Disruption can
ultimately impair neuronal migration and thus cortical organization (110, 111).
Regulation of neuronal morphology and migratory mode are highly coordinated events

which underlie the precise organization of the neocortex.

The cortex also includes a variety of GABAergic interneurons to modulate
neuronal activity and circuit function. In contrast to locally generated cortical excitatory
neurons, cortical interneurons (CINs) are generated in the subpallium, largely the
caudal and medial ganglionic eminences (CGE and MGE, respectively) (112). Being
born outside the cortex, CINs travel tangentially to populate the cortex (113, 114). Once
CINs are born, they move through the subpallium, cross the pallial-subpallial boundary
(PSB), and travel either in the marginal zone and SP zone or through the lower 1Z and
upper SVZ before pausing and later populating the CP via radial migration (115, 116).
This pause, while somewhat shorter, is similar to both thalamocortical axons’ (TCAS’)
‘waiting period” in the SP zone and delayed CP invasion by microglia (117-119).
Interestingly, although CINs are largely produced in subcortical regions, some evidence
suggests cortical RG may also have competency to generate CINs locally (120-122),

thus migration strategies may differ.

Neuronal migration is controlled by non-cell autonomous and cell autonomous
mechanisms, and disruption of these processes can contribute to altered cortical
organization and circuitry associated with neurodevelopmental disorders. Human
mutations in RELN, an ECM protein secreted by Cajal-Retzius cells, are associated with

lissencephaly and epilepsy (123, 124), and disruption of Reln non-cell autonomously
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alters migration of CP neurons; preplate does not split and CP is inverted (125-128). On
the other hand, deletion of Sath2 delays migration of L2-4 neurons, likely cell
autonomously, and impairs their initial axonal projections (129, 130). Mutations in
SATBZ2, which regulates transcription and chromatin structure, are associated with
Glass syndrome, a developmental disorder with intellectual disability and myriad
physical features (131, 132). In contrast to control of cortical excitatory neurons’ radial
migration, CINs’ tangential migration can be influenced as they traverse various brain
regions. NRG1 is a chemoattractive cue expressed in both the striatum and neocortex,
mutations in which are associated with schizophrenia (133-135). Developmental
deletion of Nrg? leads to a reduction of CINs that migrated into the cortex (136).
Intrinsically, CINs are directed by transcription factor Mafb. It is necessary for proper
Martinotti cell migratory route and axonal projections, and mutations in MAFB are
associated with intellectual disability (137, 138). Together, the extensively regulated
radial and tangential migration strategies employed by cortical excitatory and inhibitory

neurons support the extravagant organization underlying cortical function.

Regulation and refinement of cortical neuron identity

Cortical neurons display various identities based on location, gene expression,
and projections (Figure 1.4). Some of this gene expression is realized immediately after
a neuron is generated from an NPC. However, cortical neurons are not born in their final
fate. They must form connections, adjust them, and slowly adapt over time. Accordingly,
neuronal molecular identities are not fully recognized immediately post-mitosis. Rather,

they are refined throughout the first few days after neuronal birth. Ultimately, the early
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and refined fates of cortical neurons can influence the organization of cortical layers and

connections underlying function.

Layer-specific gene expression profiles

Similar neuronal subtypes are generally found in comparable laminar positions
within the neocortex. These neurons, produced by NPCs at similar time points, retain
somewhat comparable gene expression profiles and connectivities. Deep-layer neurons
are easily distinguishable from upper-layer neurons, and laminar subtype distinctions
have been unraveled over the last twenty-five years. The importance of these molecular
markers, and ultimately the diverse identities of cortical neurons, is highlighted by the

implication of many in neurodevelopmental disorders.

SPNs are among the firstborn excitatory neurons of the cortex, generated
beginning around E11.5 in mice (21). Although they are distinct physically and
morphologically from their CP L6 counterparts, there is extensive overlap in their
identified molecular determinants. SP-specific markers are largely underdefined at
embryonic ages. Overall, SPNs are characterized in part by expression of Cplx3, Ctgf,
Nrd4a2 (Nurr1), Lpar1, Sox5, and Kcnab1, with some variation between subpopulations
(139-142). The majority of L6 marker genes, in addition to Sox$, including Tbr1, Tle4,
and Zfpm2 (FogZ2), are also often expressed by SPNs (141, 143-147). Mutations in
SOX5 and TBR1 are associated with neurodevelopmental disorders such as Lamb-
Shaffer syndrome (148) and intellectual disability and ASD (149). By contrast, L5
neurons are characterized by high expression of Rbp4, and Fezf2 (Zfp312 and Fezl),
and Bcl11b (Ctip2) (103, 150-154). Corresponding mutations in BCL11B are associated

with intellectual disability (155).
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The superficial layers (L2-4) of the neocortex display expression profiles largely
distinct from their deep-layer counterparts. The major input layer, L4, is characterized by
Rorb (156), and mutations in RORB are associated with epilepsy (157). L2-3 neurons
express Cux1, Pou3f2 (Brn2), and Satb2 (158-160), which, in humans as previously
noted, is associated with altered neurodevelopment. And finally, to complete the
organization of the cortical wall, L1 or marginal zone Cajal-Retzius neurons express
Reln, which is necessary for laminar organization (125-128). Together, unique identities

of cortical excitatory neurons support widespread cortical functions.
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DAPI (DNA) CPLX3 (SP) TBR1 (L6) BCL11B (L5) CUX1 (L2-4) RELN (L1)

-

Figure 1.4: Layer-specific expression profiles in postnatal neocortex

DAPI (black) reveals cytoarchitectural differences across cortical laminae in P3 mouse
neocortex. Distinct cortical layers are identified by immunostaining of molecular markers
including CPLX3 (purple), TBR1 (green), BCL11B (red), CUX1 (blue) and RELN
(brown).
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Progressive postmitotic refinement of neuronal identities

Immediately after a neuron is born, it displays a transcriptomic state which differs
from its mother cell. Neurons must deactivate NPC gene expression programs related
to multipotency, division mode, and DNA replication, while initiating programs for
migration, neuronal identity, and projections. However, cortical neurons do not
immediately adopt their layer-specific identities. Instead, they have broad profiles that
are refined over the first postmitotic days to finely regulate their laminar, morphological,

and electrophysiological characteristics.

Deep-layer neurons are born and quickly express a plethora of corticofugal
markers that eventually resolve into layer-specific or -preferenced profiles. The first few
days after genesis of eventual L6 and L5 neurons, the populations are overlapping,
expressing TBR1, ZFPM2, BCL11B, and FEZF2 (103, 141). However, during the first
week after neuronal birth in mouse neocortex, these factors have largely been refined
and are relatively specific to L6 (TBR1 and ZFPM2) or L5 (BCL11B and FEZF2) (Figure
1.5). This postmitotic refinement of neuronal identity is dependent on positive and
negative interactions with regulatory elements. Future L6 is refined by SOX5 repressing
Fezf2 and TBR1 repressing both Fezf2 and Bcl11b (161-163). Interestingly, later during
postnatal development, Thr1 expression is increased in L2-4, potentially indicating a

role in maintaining the molecular identities of upper-layer neurons (162).
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Refinement of deep-layer neuronal identities
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Figure 1.5: Progressive refinement of cortical neuron identities

Soon after neuronal birth, deep-layer neurons simultaneously express L6 (TBR1 [green]
and ZFPM2 [cyan]) and L5 (BCL11B [red]) markers. As neurons mature, they
progressively restrict these expression patterns. By PO, TBR1+ and ZFPM2+ neurons
are largely contained in L6 whereas BCL11B+ neurons are primarily in L5. Adapted
from (103).
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Within the deep cortical layers, FEZF2 and TLE4 work collaboratively to repress
subcerebral and intracortical identities to support development of corticothalamic
neurons (164). In contrast, and spanning the layers, Satb2 regulates intracortical
projection fate potentially by repressing Bcl11b and a corticofugal fate (129, 130).
Interestingly, some work suggests that identity refinement is not solely dependent on
intrinsic mechanisms, rather it collaborates with signalling from developing circuitry.
Thalamocortical projections may also contribute to postmitotic refinement of cortical
neuron identity, in part signalling via VGF (165). Normally, L4 neurons refine their fate
such that they transition from POU3F2+ to RORB+ with an intermediate phase of
coexpression. In the absence of VGF secretion from thalamocortical projections,
potential L4 neurons retain a POU3F2/RORB co-positive fate; they do not completely
refine into L4 neurons (165). Without various cell and non-cell autonomous
mechanisms, neocortical neurons fail to reach their expected identities and can be

impaired in their connectivity.

Unique gene expression intrinsically regulates cell fate reliant on coordination
with histone dynamics; improper chromatin structure can preclude transcription factor
activity. When a neuron is born, it quickly alters its transcriptomic landscape. However,
the DNA is coated with a full complement of nucleosomes thus inhibiting DNA
accessibility and the potential for rapid transcriptional control. Therefore, eviction and
remodeling of histones is necessary to establish the transcriptomic landscape of a
newly postmitotic neuron. However, once histones are evicted, they need to be replaced
to once again protect the DNA and package it within the nucleus. A nucleosome is

comprised of two copies each of histones H2A, H2B, H3, and H4, but there are multiple
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varieties of each. For histone H3, genes encoding canonical variants H3.1 and H3.2
have unique structures that restrict their transcription to S phase, when cells are actively
replicating their DNA and must double the number of nucleosomes to protect twice the
amount of DNA (166). However, noncanonical variant H3.3 is structured such that H3.3-
encoding genes H3f3a and H3f3b can be expressed at any stage in the cell cycle (167).
Thus, when H3 must be replaced in terminally postmitotic cells to remodel chromatin, it
does so via H3.3. In previous work led by Owen Funk, we uncovered that de novo
deposition of H3.3 in terminally postmitotic cortical neurons is essential for defining the
neuronal transcriptome. Without it, NPC genes are not downregulated, and neuronal
genes remain inactivate (103). Concomitantly, newborn neurons are unable to refine
their fates. Instead, postnatal deep-layer neurons broadly co-express both L5 and L6
markers (103). The vague identity is accompanied by alterations in cortical connectivity,
with corticofugal tracts properly exiting the cortex but unable to culminate in accurate
corticospinal or corticothalamic tracts (103). Haploinsufficiency of H3.3 via mutations in
H3-3A or H3-3B is associated with Bryant-Li-Bhoj neurodevelopmental syndrome, which
presents with global developmental delay and intellectual disability (168, 169).
Together, transcriptomic orchestration, in tandem with non-cell autonomous signalling

from circuitry, is integral for neuronal identity, connectivity, and organismal function.

Assembling cortical connectivity

Organismal function depends on precise connections to process the outside
world (e.g. how our food smells) and support bodily control (e.g. when we walk and
talk). These circuits require distinct communication with the neocortex. Accompanying
the widespread molecular identities of cortical excitatory neurons are axonal projections
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to wire the neocortex together with other brain regions such as the spinal cord and
thalamus. Any alterations in assembling these circuits can contribute to circuit miswiring

in neurodevelopmental disorders.

Tarqgeting of corticofugal projections

Corticofugal projections, those which originate within the cortex and extend to
regions outside of it, originate exclusively from SP and deep-layer neurons (Figure 1.6).
They travel through the developing cortical WM and exit, crossing the PSB. From there,
many corticofugal tracts course through the internal capsule, while some contribute to
the external capsule. Ultimately, corticofugal projections are comprised by
corticothalamic, corticostriatal, corticobulbar, corticopontine, corticotectal, corticorubral,
and corticospinal connectivities. These circuits originate from unique cortical neurons

and require diverse and extensive cues to guide them to their ultimate targets.
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Sp Cord

Figure 1.6: Corticofugal projections originate from deep cortical layers
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Cortical efferents arise deep in cortical laminae and project to diverse targets. L5
neurons (red) extend descending axons through the internal capsule (IC) to the
thalamus (Thal), tectum (Tect), and continuing down through the pons before
decussating and entering the spinal cord (sp cod). L6 (green) and SP (purple) neurons
follow a similar trajectory exiting the cortex and largely innervate the thalamus.
Contributions of L6 or SP to the corticospinal tract have not been identified. In contrast
to the deep-layers, L2-4 do not extend their axons to subcortical regions.

CPu: caudate putamen, Hp: hippocampus, Hyp: hypothalamus, IC: internal capsule,
Nctx: neocortex, Sp Cord: spinal cord, Tect: tectum, Thal: thalamus
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Corticothalamic axons connect the cortex with various thalamic nuclei and are
positioned to mediate processing and response aspects of sensory signalling. While
neurons from subplate, L6, and L5 contribute to corticothalamic circuitry (170), they are
distinct in their precise thalamic innervations. SPNs send axons to high-order thalamic
nuclei (171). Similarly, L5 neurons project into high-order thalamic nuclei (172), but with
more robust innervation of the posterior nucleus of the thalamus than SPNs (171). By
contrast, L6 neurons extend to both higher- and first-order thalamic nuclei (173). While
corticothalamic neurons span the laminar distribution of SP and L6, in L5 they are
largely confined to the lower portion, L5B (170). Together, corticothalamic neurons
coordinate the communication of information from the cortex to various thalamic nuclei.
Interestingly, corticothalamic innervation of the dorsal lateral geniculate nucleus by SP
and L6 neurons is coordinated and refined dependent on activity, particularly retinal
input (174). The extensive corticothalamic connections are controlled in part by Fezf2,
Tbr1, Tle4, and Zfpm2 expression. Disruption of any of these factors alters

corticothalamic innervation with distinctive misrouting (145, 162-164, 175-180).

While corticothalamic projections are extensive and vary in their position within
neocortical laminae, corticostriatal, corticobulbar, corticopontine, corticotectal, and
corticorubral neurons are much more constrained in terms of their somal location. The
nuclei of all five of these tracts are housed within cortical L5 (170). Corticostriatal
neurons originate in L5A and are involved in regulating decision-making (170, 181,
182). By contrast, corticobulbar, corticopontine, and corticotectal neurons are situated

largely in L5B and involved in facial movements, upper limb movements, and visual
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input, respectively (170, 183-186). Corticorubral neurons find a happy medium at the

interface of L5A and L5B and project to indirectly impact limb movements (170, 187).

The neocortex directly orchestrates conscious movement via the corticospinal
tract. Corticospinal neurons reside in L5B neurons with distinctive, large somata (170).
Multiple molecular determinants of CST development have been identified. Fezf2,
Bcl11b, and Sox5 are all necessary for proper extension of corticospinal axons and
directly interact with corticothalamic determinants for refine molecular identities and
axonal trajectories. Their disruptions lead to a variety of alterations in presumptive
corticospinal axon trajectories. Knockdown or deletion of Fezf2 leads to reduction in
corticofugal projections from and loss of corticospinal projections (161-164, 188). By
contrast, overexpression of Fezf2 is sufficient to induce subcortical projections from
upper-layer neurons (154). Fezf2 also activates Bcl11b, which is individually necessary
for formation of the corticospinal tract. In the absence of Bc/11b, supposed corticospinal
projections largely fail to extend beyond the pons and do not form the pyramidal
decussation (151). However, in the absence of Fezf2, overexpression of Bcl11b is
sufficient to induce subcerebral projections (189). In an interesting complementary
fashion, Sox5 influences corticospinal development by directly repressing Fezf2
expression and postmitotically refining neuronal fate (141). In Sox5’s absence, although
Fezf2 is expanded, axons fail to extend to the pons and beyond; the corticospinal tract
is not formed. However, in contrast to Fezf2, although Sox5 is necessary for CST
formation, it is not sufficient. Overexpression of Sox5 does not effectively reprogram

neurons to send their axons subcerebrally (141). Together, precise coordination of
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multiple molecular mechanisms orchestrates distinct neuronal identities and their

corresponding corticofugal projections.

Intracortical projections

Contrasting corticofugal projections, intracortical fibers both originate and
terminate within the cortex. These tracts largely integrate and process information and
can be subdivided into intrahemispheric and interhemispheric, such that they make
connections within the cortical hemisphere they originate or long-range connections with
the contralateral hemisphere (Figure 1.7). Short-range connections often occur within a
cortical column and enable additional processing of information before output. For
example, ocular dominance columns are refined over time after receiving visual
information from the lateral geniculate nucleus of the thalamus (190-194) and contain
intracolumnar connections between neurons in L6 and L4 (195, 196) and L4 and L3
(197). These columns depend on precise gene expression programs and protein

secretion (198, 199) and can be disrupted if visual input isn’t received (200).
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Figure 1.7: Intracortical projections span neocortical layers

Schematic illustrations of intracortical projection neurons. Neurons across cortical
laminae project interhemispherically through the CC. Deep-layers and SP largely project
significantly to heterotopic areas and upper-layers primarily to homotopic regions.
Within the CC, axons are organized dorsal to ventral based on somal position from
medial to lateral neocortex. Some projections from L5 contribute to the AC.
Intrahemispheric connections arise from multiple layers, and many form synaptic
partnerships with other neurons in their cortical column.

AC: anterior commissure, CC: corpus callosum, CPu: caudate putamen, Hp:
hippocampus, Hyp: hypothalamus, IC: internal capsule, Thal: thalamus
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Complementing local circuitry, cortical excitatory neurons send long-range
projections from one cortical hemisphere into the other. The most prominent
interhemispheric connection is the corpus callosum (CC), the largest WM tract in
eutherian mammals. These connections can be between homotopic or heterotopic
regions (201), and contrasting corticofugal projections that originate solely from deep-
layers, callosal connections begin in L2, 3, 5, 6, and SP (202). The resultant long path
from one hemisphere to another requires not only well-defined neuronal identities, but a

multitude of guidance cues and populations along the way.

An intracortical projection fate is dependent on the aggregate of transcripts
expressed. While Bcl11b directly supports a corticofugal fate, Satb2 in tandem with Ski
represses Bcl11b to initiate intracortical identities (129, 130, 203). SATB2+ cells are
distributed throughout cortical layers, but while deep-layers have a healthy mixture of
BCL11B+ versus SATB2+ neurons, L2/3 is nearly exclusively SATB2+. The initial
callosal axons traverse the midline and set the stage for elaborate connectivity around
E16 in mice and fetal week 11 in humans (204-207). Interestingly, homotopic callosal
projections largely originate from upper-layers and heterotopic across layers (208),

indicating that there is some layer-based directive of callosal projection types.

Once axons extend toward the midline to form the CC, they are extensively
guided into the contralateral hemisphere. Along their growth trajectory, callosal axons
receive a variety of attractive and repulsive cues. In particular, Slit2, Robo1, Robo2,
Fzd3, and Ntn1 are each necessary for proper callosal formation (209-212). Rather than
this signalling being restricted to cortical cells, callosal axons also receive signals from

the developing meninges to inhibit aberrant outgrowth (213). These cues are
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constructively integrated with midline glial structures to direct axons across the midline.
Positioned right at the interface of septum and cortex, are midline zipper glia adjacent to
the subcallosal sling, indusium griseum, and glial wedge which guide callosal axons
interhemispherically (214-216). Their disruption can lead to partial or complete callosal
agenesis, a feature observed in a variety of neurodevelopmental disorders (216-219). In
the absence of proper midline formation, likely callosal axons that fail to cross frequently
coalesce to form Probst bundles near the midline, unable to reach their target

destinations (220).

During initial outgrowth of callosal and other intracortical axons, they reach out to
overly broad regions and some are subsequently selectively eliminated or refine their
connectivity (221-229). The fine-tuning of intracortical connections depends on a variety
of factors, including neuronal activity based on Kcnj2 (Kir2.1) (230), JAK2 signalling
(231), and activation of Kcnat (Kv1.1) and Kcna3 (Kv1.3) mediated by the upper-layer
marker Cux1 (232). Disruption of electrical activity by reducing Kcna1/Kcna3 is sufficient
to selectively eliminate contralateral, but not ipsilateral, connections (232). Together, the
transmittal of information within the neocortex, relies on coordination of neuronal
identities, axon guidance molecules and receptors, midline glial structures, and

neuronal activity to direct the initial outgrowth and refinement of circuitry.

Coordination with cortical afferents

Cortical efferents alone are insufficient to support brain function and organismal
fitness. Instead, there is an elaborate network of connectivity that extends from
subcortical structures into the cortex. Of these cortical afferents, the most prominent are

thalamocortical projections, which originate in the thalamus and terminate largely in
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neocortical L4. The thalamus receives information from widespread areas in the body,
including from the limbs via the spinal cord and from distinct nuclei of cranial nerves,
and disseminates those signals for additional processing. Once the signal reaches the
neocortex, it gets further integrated and transmitted for any output. Importantly, these

connectivities don’t develop in a vacuum, they depend on one another to refine.

As described earlier, cortical neurons can have intracolumnar synaptic partners.
These circuitries are especially prominent within thalamocortical input areas including
somatosensory cortex. Cortical sensory areas organize into distinct structures (e.g.
whisker barrels) dependent on thalamocortical activity. Interestingly, while much of
sensory map remains unrefined until mid to late in the first postnatal week in mice, it
depends on spontaneous activity from thalamocortical neurons as early as E16.5, and
interactions with SPNs even earlier. Altering thalamocortical spontaneous activity is
sufficient to eliminate the formation of sensory whisker barrels (233) and thus proper
processing of sensory information. Disrupting the somatosensory map can contribute to

altered responses to sensory stimuli as often seen in neurodevelopmental disorders.

History and influence of subplate neurons in cortical architecture

Over a century of work hinted at the existence of the SP zone and SPNs without
truly appreciating the influence they leverage during cortical development. The harmony
of the brain depends on rigorous and extensive coordination between neuronal
generation, positioning, and axonal growth and targeting. At the center of this
orchestration are SPNs. SPNs are the firstborn neurons of the neocortex and originate
from various spatial locations (Figure 1.8) (59, 234, 235). Seated within the space

between cortical L6 and WM, SPNs maintain an intimate relationship not only with CP

38



neurons but also with interstitial neurons, residents of the WM. During embryogenesis
SPNs are able to extend the first cortical axons, both corticofugally and intracortically,
and interact with migrating neurons, cortical afferents, and other cortical efferents or
intracortical projections. Thus, SPNs are well-positioned to widely influence

developmental architecture and connectivity.

SP and interstitial neurons have been described hand-in-hand beginning in the
late 1800s, and some SPNs are thought to transition to interstitial after initial
development. Fundamental drawings and descriptions of interstitial neurons within the
WM of frontal and visual cortex were in the mid 1800s with the term “interstitial” in
regards to neurons in the brain beginning near the turn of the 20" century (236); a more
comprehensive review than what | can convey is deserving of a read (237). The SP
zone, although not yet appropriately named, was finally well-illustrated in fetal cat by
Shinkishi Hatai in 1902 (238). Ultimately, the SP zone was not termed until 1974 by

lvica Kostovi¢ and Mark Molliver (239).

SPNs sit within the SP zone, whereas interstitial neurons are located amid the
WM (240). This crucial distinction supports the presence of interstitial neurons
throughout various compartments in the developing nervous system, particularly in the
cerebellum and spinal cord, while confining SPNs to the cerebral cortex. However,
some SPNs may be eliminated in later stages of development while others can
transition to interstitial and likely play integral roles in long-term functions of brain
connectivity (240-247). Interestingly, in rodents, although some SPNs are eliminated in
the first postnatal week, the SP zone is largely identifiable throughout life, although it is

commonly referred to as L6b. By contrast, the SP zone is in fact transient in humans
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and primates. While the SP zone goes through a secondary expansion coincident with
axonal ingrowth during fetal development (248), some SPNs remain throughout life;
many of them are eventually interstitial, whereas others are closely situated along L6 in
L6b (249). Some work in human cortical organoids also suggests they may further
refine and integrate within deep cortical layers (250, 251). It seems quite likely the
expansion of WM within gyrencephalic mammals may lend to the transient nature of the
SP zone and relative increase in adult cortical interstitial neurons compared to

lissencephalic rodents.

During human fetal development, Kostovi¢ and Molliver defined the SP zone by
dividing the IZ into two separate parts: 1) the lower portion containing the WM and 2)
the upper, SP zone, containing both pyramidal and multipolar neurons with long
dendrites (239). Not only did they report mature neurons within the fetal SP zone, but
also an extensive number of synapses, suggesting early communication between SPNs
and other cells (239). The SP does not only include excitatory neurons. Rather, multiple
mammalian species display evidence of GABAergic neurons within the SP (252-254).
Interestingly, GABA can play an excitatory function early in development and later
transitions to be a largely inhibitory neurotransmitter (255), suggesting GABAergic
SPNs could modulate developing and mature circuits within the brain differentially to

fine-tune excitatory and inhibitory signalling.

The morphology of SPNs and their interstitial counterparts has been well-
documented over the past half century in rodents, cats, and primates including humans.
Consistent with the complexity of their molecular identities, their potential morphologies

are diverse. The morphological classifications for SP and interstitial neurons vary
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dependent on species, age, and research team. In early postnatal rodent, SPN
morphologies can be described as horizontal (bitufted and monotufted), multipolar,
inverted pyramid, tripolar or pyramid-like, and neurogliaform (256-258). Although rodent
SPNs in different morphological groups do not display exceptional variation in their
electrical properties (256), their projections appear linked to morphology (257).
Specifically looking at pyramidal, neurogliaform, and multipolar SPNs in P2 rat,
corticofugal projections are encompassed by pyramidal and multipolar, cortical
intrahermispheric represented all three morphologies, and callosal exclusively multipolar
(257). In stark contrast, only five days later in P7 rat, all three connectivities are largely
represented by multipolar SPNs—pyramidal and neurogliaform are few and far between
(257). Interestingly, while many non-pyramidal SPNs appear lost during the early
postnatal period, all morphological subtypes are still present in adult L6b, indicating a
strong relationship between SP and L6b (258). However, most multipolar and
neurogliaform neurons were interstitial after early development (257). Thus, although
many studies lack adequate distinctions between SP and interstitial neurons when
interrogating structure and function, the two groups display overlapping and divergent

primary morphologies.
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SP Neuron

SP Neuron

Figure 1.8 Subplate-cortical plate spatial and morphological distinctions

Visualization of a subplate neuron (green) and three cortical plate neurons (magenta) in
E15.5 cortex. Subplate neurons display diverse morphologies and often fail to resemble
their pyramidal cortical plate counterparts. By sitting between the cortical plate and
intermediate zone, subplate neurons are poised to direct developing circuitry and
migrating neurons.

CP: cortical plate, IZ: intermediate zone, SP: subplate

42



In contrast to rodents, the primate SP zone is incredibly transient, and coincident
with this, many SPNs that survive into adulthood eventually become interstitial neurons
(246). However, similar to rodents, the early human and non-human primate SP zone is
characterized by pyramidal, multipolar, fusiform, and polymorphic neurons (246). In
primates, many of these morphologies are found during postnatal ages near L6. In
comparison, cortical interstitial neurons are more restricted morphologically.
Embryonically, they are largely polymorphic whereas during adulthood they are largely,
but not exclusively, fusiform (240, 259). These extensive morphological features of SP
and interstitial neurons enable informative interactions in various processes, including

neuronal migration and cortical efferent and afferent projections.

One way SPNs can influence cortical lamination is via interactions with migrating
CP neurons. As CP neurons migrate through the 1Z and bypass the SP, they make
transient contacts with SPNs and their morphology is altered (106). These contacts
could involve synaptic activity. SPNs are electrically active and form synapses early in
corticogenesis (239, 246, 260-263). Disrupting electrical activity of or glutamate release
from SPNs is sufficient to impair morphological state change of migrating CP neurons
and their subsequent laminar organization (106). The first of the migrating CP neurons,
L6 neurons, split the preplate (previously referred to as MZ, early MZ, and primordial
plexiform layer) into the SP and marginal zones (21, 57, 235, 264-268). Unsuccessful
preplate splitting is coincident with disrupted organization of cortical layers and altered
cortical circuitry (141, 144, 162, 163, 178, 269-274). However, reduced signalling from

MZ by eliminating Cajal-Retzius cells does not elicit such robust alterations (275). Thus,
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SPNs exert elaborate non-cell autonomous influence over the overall organization and

connectivity of the neocortex.

In combination with SPNs’ instruction of neuronal migration, they also extend
some of the first axonal projections and can thereby influence subsequent circuitry.
Initially it was thought that SPNs send the first axons of the CC across the midline,
however, although conflicting reports identified a few SPNs that do project
interhemispherically, they collectively found it more likely that the CC is actually
pioneered by neurons within cingulate cortex (205, 207, 257, 276-282). Corticofugal
projections tell a different story. SPNs are the first to project across the PSB and extend
toward the thalamus (283-285). While their status as the first to ultimately reach the
thalamus varies dependent on species (286, 287), SP pioneering of corticothalamic

circuitry is thought to influence the eventual innervation of distinct thalamic nuclei (285).

The early subcortical extension of SP-derived axons gives them a unique
opportunity to convene with primordial cortical afferents. An exemplar is the meeting
between SP axons and TCAs within the subpallium (Figure 1.9). TCAs bring sensory
information to the cortex and enable processing and subsequent responses. The timing
of SP-thalamic and thalamocortical outgrowth and innervation is stereotyped and well-
coordinated. Around E13.5 in mice, SP axons extend across the PSB and TCAs across
the diencephalic-telencephalic boundary. Subsequently, corticothalamic axons and
TCAs meet within the internal capsule and begin to interact with one another. Based on
the “handshake hypothesis” these thalamic and cortical afferents then travel along one
another to form reciprocal connections (288). TCAs, around E14.5, traverse PSB and

enter the neocortex, arriving within the SP zone around E15.5. Although TCAs
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eventually transmit information to L4 cortical neurons, by E15.5 these target neurons
have neither been fully generated nor migrated to their final destinations. To avoid
entering the CP prematurely, TCAs exhibit a prolonged “waiting period” within, and
dependent on, the SP (117, 118). Their paused trajectory highlights an additional
characteristic of SPNs thought to be integral in developmental circuit wiring, the ECM
corridor (Figure 1.9) (289-295). During mid to late corticogenesis, the SP zone is
characterized by an extensive ECM composed of chondroitin sulfate proteoglycans
(CSPGs). The CSPG corridor is organized near the initiation of the thalamocortical
“waiting period” and is largely dispersed concomitant with CP ingrowth by TCAs (289). It
is thought to act as a restrictive signal to guide both developing cortical afferent and
efferent axons throughout the cortex on their way to their cortical or subcortical targets
(290). It may also work in tandem with other guidance molecules and receptors that
display SP-biased patterns during early development, such as Ephab (296, 297). As
such, it is likely that disrupting the ECM corridor during development can derail cortical

circuit formation.

Following the completion of the “waiting period,” around E18.5, TCAs begin to
invade the CP and within about a week they organize into distinct sensory
compartments, such as whisker barrels (298, 299). In the reverse direction and
following “handshake” with TCAs, corticothalamic axons travel through the subpallium
and cross the diencephalic-telencephalic boundary around E16. Similar to the TCA
‘waiting period” in the SP, corticothalamic projections sit within the prethalamus until
E17.5 when they begin to invade the thalamus (300). Slowly over the next couple weeks

they organize into specific thalamic nuclei. Interestingly, although these close
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interactions described in the “handshake hypothesis” can be visualized in multiple
species, the necessity for them within the subpallium may differ across species; in

primates, TCAs cross the PSB prior to their “handshake” with corticofugal axons (301).

The disruption of SP and interstitial neurons leads to extensive changes in
cortical connectivity across multiple species (141, 162, 302-308), and is thought to be a
significant factor in multiple developmental disorders (309-315). This idea initially arose
in the early 1900s (316) and patients with either ASD and schizophrenia often display
an increase in the number of interstitial neurons (309, 310, 317). Changes in SP and
interstitial neuron number and characteristics, likely disrupt SP organization, projections,
and ECM. These alterations can contribute to circuit miswiring that instigates various
phenotypes, including sensory hypersensitivity, identified in many patients with

neurodevelopmental disorders like ASD.
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Figure 1.9 Coordination of thalamocortical ingrowth and subplate outgrowth

(A) Thalamocortical axons follow a stereotyped growth trajectory with subplate neurons.
By E13.5 in mouse, subplate neurons have crossed the pallial-subpallial boundary
(PSB) and TCAs extend across the diencephalic-telencephalic boundary (DTB),
reaching close proximity with one another in the subpallium. These axons shake hands,
communicate, and travel along one another to form reciprocal connections in thalamus
and neocortex. Once TCAs enter the neocortex, by E15.5, their L4 targets are
unprepared. TCAs pause in an extensive subplate extracellular matrix corridor (cyan)
rich in chondroitin sulfate proteoglycans (CSPGs). Following a brief “waiting period,”
TCAs begin invade the cortical plate and finally organize into defined whisker barrels.

(B) Two major characteristics of subplate-dependent circuit wiring are the “handshake”
in the subplallium and extracellular matrix in the subplate zone.

CP: cortical plate, CTA: corticothalamic axon, DTB: diencephalic-telencephalic

boundary IZ: intermediate zone, Nctx: neocortex, PSB: pallial-subpallial boundary, SP:
subplate, Thal: thalamus, TC: thalamocortical, WM: white matter
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Chromatin remodeling in corticogenesis

Mutations in genes encoding chromatin remodelers have been increasingly
implicated in developmental disorders (318-321), but why? To properly function, each
neuron utilizes twenty-two pairs of autosomes and two sex chromosomes, each with an
elaborate combination of gene bodies, regulatory elements, and other noncoding
regions. Together, these components collaboratively add up to about six feet of DNA
per nucleus. For scale, the nucleus is about 10 um in diameter whereas six feet of DNA
is nearly 1.8 x 108 ym, 180,000 times greater. To fit the entire complement of DNA into
each nucleus, the DNA must be compacted from a linear stretch into a three-
dimensional structure. This condensation is accomplished by tightly wrapping DNA
around nucleosomes and packaging them together. However, compaction inhibits any
processes that need to happen on the DNA, such as DNA replication, transcription, and
DNA repair. Remedying this inaccessibility, chromatin remodelers are multi-protein
complexes that hydrolyze ATP and harness that energy to slide, evict, or replace
nucleosomes, thereby fine-tuning DNA accessibility (Figure 1.10) (322). Chromatin
remodelers, and thus alterations in chromatin structure, are uniquely positioned to
control various aspects of corticogenesis. Disrupting these processes has the potential

to widely alter brain development and function.

48



wyZrYY

' /F Y

AD8_DID DDy DD DD __DDD

< » (j histone J nucleosome
nucleosome sliding replacement eviction

H3 112 ’ f ' and turnover

~N H3.3
H2A/H2B  H4

D24 ADDBIID

DNA replication Transcription DNA repair
S-phase NPC

wu DDE DI wryyyyy
005 Ry
uw,.@ oD J/J/J@Jz

Figure 1.10: Molecular functions of chromatin remodelers

Chromatin structure allows DNA to be compacted but precludes events that occur on
the DNA. Chromatin remodelers hydrolyze ATP and use that energy to slide
nucleosomes, replace histone subunits, or evict and replace entire nucleosomes. Each
of these processes can contribute to DNA accessibility necessary for DNA replication,
transcription, and repair of DNA breaks. In replication, chromatin remodeling allows
progression of the replication fork and deposition of new nucleosomes to protect
nascent DNA. To promote or inhibit transcription, nucleosomes can be altered to reveal
genomic regions for transcription factor binding and transcription machinery. Finally,
when DNA is undoubtedly damaged, nucleosomes must be evicted or reorganized to
allow access to repair machinery, end resection of damaged regions, and ultimately
DNA repair.

DSB: double strand break, NPC: neural progenitor cell, Prom: promoter, rep. fork:
replication fork
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Functions of chromatin remodeling complexes

The entire body develops from a single cell and increases exponentially during
embryogenesis. This process requires replication of the entire genome during S phase
to enable cell division and pass on a full complement of DNA to two daughter cells.
However, the compaction of DNA via nucleosomes precludes its availability for
replication. As such, nucleosomes must be removed so parental DNA can be unwound
and separated by a helicase complex and DNA polymerase can add complementary
nucleotides to each strand, thereby producing two copies of double-stranded DNA.
These new DNA molecules, containing one parental and one nascent strand of DNA,
are segregated into new daughter cells during M phase and provide the entire genome
for each new cell. Impairing the removal of histones and nucleosomes can disable the
ability for a cycling cell to synthesize new DNA, and thus is deleterious to any division.
Much of the remodeling near the onset of DNA replication may be initiated by the origin
recognition complex. The origin recognition complex catalyzes ATP to evict histone
H2A/H2B dimers from parental DNA during G1 phase, thereby leaving H3/H4 dimers
and potentially preparing for the arrival of replication machinery (323). Disrupting this
complex can lead to impaired DNA replication (324), and therefore the inability to
produce new cells. Chromatin remodeling is thus the backbone of genomic integrity and

cell division in the neocortex.

Distinct from DNA replication, transcription occurs whether a cell is progressing
through the cell cycle (e.g. differentiating RG), halted in a quiescent state (e.g. some
adult neural stem cells), or active and terminally postmitotic (e.g. active neuron). While

DNA is compacted, gene regulatory elements and gene bodies can be obstructed by
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nucleosome position, components, or modifications. Therefore, DNA can be made more
(or less) accessible for transcription by sliding or evicting nucleosomes, exchanging
their subunits, or altering histone tail modifications. Altering the chromatin landscape
enables transcription factor binding and influence of gene expression (325). In the
absence of genomic accessibility, the transcription initiation complex containing RNA
polymerase Il is unable to target near the transcription start site and RNA cannot be
generated. Gene expression therefore depends on organization of the chromatin

landscape by chromatin remodelers.

Both replication and transcription put DNA under immense stress and can cause
genomic damage. Interestingly, in dividing cells, there can also be detrimental
collaboration between the two by which replication and transcriptional machineries
collide and damage the genome, especially on long transcripts (326-328). Any DNA
damage can be mutagenic, deleterious, and require rapid repair to reduce any harmful
effects. These corrections depend on chromatin remodeling and can occur through a
variety of mechanisms. The two major forms of double-strand DNA damage repair are
homologous recombination and non-homologous end-joining. Homologous
recombination is thought to be the less error-prone method of repair and thus seems
more preferred. While often referred to erroneously as “error-free”, it can still lead to
extensive rearrangements of the genome, both intrachromomsomal and
interchromosomal (329). Additionally, homologous recombination requires a second
copy of the DNA as a repair template and therefore usually only occurs in cells later in S
or G2 phase that contain sister chromatids. By contrast, non-homologous end-joining

can occur in any cell at any time, however, it is thought to have greater mutagenic
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potential. Both types of repair require resection of damaged DNA, but nucleosomes may
impede the accessibility of these regions to the resection machinery. Chromatin
remodelers are essential for sliding or evicting nucleosomes near sites of DNA damage
thereby increasing accessibility for repair. The cell type-specific requirements for these
repair mechanisms are likely distinct and there is undoubtedly some compromise
between repair mode, speed, and potential for deleterious impact. Together, chromatin
remodelers meticulously influence DNA replication, transcription, and DNA repair to

orchestrate organismal development and function.

Contributions and dysfunction of chromatin remodeling in brain developmental

A large number of chromatin remodeler genes are expressed in a near
ubiquitous manner, in most or all cells most or all of the time. However, they do not
necessarily perform the same function all the time or even in every cell; chromatin
remodelers may have cell type-specific actions. Although there is a plethora of
chromatin remodeler complexes, their influence over replication, transcription, and
repair and importance during brain development can be easily illustrated with a few

examples, namely the INO80, ISWI, and BAF chromatin remodeling complexes.

The INO80 (INOsitol-requiring mutant 80) chromatin remodeling complex is
made up of fifteen individual protein subunits. Over the years, the INO80 complex has
been well-described in a variety of organisms from yeast to mammals mediating diverse
DNA replication, transcription, and DNA damage repair (87, 330-336). Mutations in its
catalytic subunit, INO80, are associated with an overall reduction in brain size and thus
microcephaly (337). In our previous work led by Jason Keil, we uncovered that /no80’s

contributions to brain development are not only unique but indispensable for genome
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integrity and corticogenesis (87). In transcription, /no80 collaborates with transcription
factor YY1 to activate gene expression (334). Interestingly, this gene expression is not
ultimately necessary for establishment of neuronal identity or connectivity. Separately,
Ino80 is necessary for homologous recombination DNA repair in symmetrically dividing
NPCs to coordinate corticogenesis. In its absence, NPCs that have not yet transitioned
to neurogenic divisions sustain a normal quantity of double-strand DNA breaks during S
phase, however, these breaks are inadequately repaired. Insufficient DNA damage
repair leads to widespread p53-dependent NPC apoptosis, an inability to produce
neuronal progeny, and severe microcephaly (87). These findings illustrate alternative
requirements for DNA damage repair within proliferative versus neurogenic NPCs while
highlighting how disruption of chromatin remodelers can potentially lead to genomic

mosaicism and altered brain development.

During S phase, nucleosomes must be removed to enable replication of parental
DNA strands and subsequently doubled and redeposited to protect nascent DNA. The
eviction and deposition of nucleosomes requires precisely controlled chromatin
remodeling. Two major contributors, Baz7a (Acf1) and Smarcab (Snf2h, Iswi), are
members of the ISWI (Imitation SWitch) chromatin remodeling complex. They have
been implicated in coordinating DNA replication in heterochromatic regions and
chromatin structure near the replication fork (338-340). Mutations in BAZ1A and
SMARCAS are each associated with developmental delay (341, 342), with SMARCAS
also associated with microcephaly (341). These aren’t the only chromatin remodelers
associated with DNA replication. In fact, ATRX is involved in reducing replication stress

that can lead to DNA damage. In its absence, NPCs accumulate more DNA damage,
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undergo apoptosis, and generation of upper-layer (late-born) neurons is reduced (343).
Disruption of ATRX is also associated with intellectual disability (344). These findings
are consistent with the necessity for DNA replication and integrity during cell division

and illustrate the importance for chromatin remodelers in mediating these processes.

One of the most well-studied protein collectives, and the one central to this
thesis, is the BAF chromatin remodeling complex, also known as the SWI/SNF
(SWitch/Sucrose Non-Fermentable) complex. The BAF complex has a tremendous
variety of ubiquitous and cell type-specific subunit compositions, each with 10-15
components carefully selected from a pool of at least 29 proteins (345, 346). Broadly,
these compositions can be classified into canonical BAF (cBAF), non-canonical BAF
(ncBAF), and polybromo-associated BAF (pBAF) (347). Together they have the
potential to organize into at least 1400 unique complexes (346). BAF complex subunits
are both frequently mutated and studied in the context of cancer and play important
roles across tissues. Often, germline loss of BAF-associated genes is embryonically
lethal, thereby necessitating conditional strategies to effectively study their impact
during fetal development. Through a combination of constitutive and conditional
knockout models, they have been shown to play diverse roles during brain and
widespread nervous system formation. BAF complex subunits play integral roles in
neuronal and glial production, neuronal migration neuronal subtype identity, and fine-
tuning of cortical connectivity, among others. Each complex includes either SMARCA4
(BRG1) or SMARCAZ2 (BRM), the catalytic subunits that hydrolyze ATP and harness the
energy necessary for remodeling (345). Mutations in either of these genes are

associated with various developmental disorders, including ASD, schizophrenia, Coffin-
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Siris syndrome, and Nicolaides-Baraitser syndrome (318, 348-350). In mice, deletion of
Smarca4 from early NPCs alters the balance of neurogenesis and gliogenesis,
accompanied by microcephaly (351, 352). Although studies have not directly linked
Smarca2 knockout to modified corticogenesis in vivo, SMARCAZ2 mutations in human
embryonic stem cells differentiated into NPCs disrupt the chromatin landscape
concomitant with altered neuronal production (353). Together, SMARCA4 and
SMARCAZ2 dysfunction highlight some requirements for BAF in the developing brain, but

the intricacies arise from precise coordination of interchangeable subunits.

Outside of the main catalytic components a few BAF proteins have shown robust
influences on NPC development and differentiation. Collectively, SMARCC1 (BAF155)
and SMARCC2 (BAF170) promote a fine balance between self-renewal and
differentiation of NPCs within the developing cortex along with influence on neuronal
migration. A decrease in SMARCC2, which is accompanied by an increase in
SMARCCH1, leads to expanded indirect neurogenesis with an increase in neuronal
number and cortical size (354, 355). Alternatively, an increase in SMARCC2 or
decrease in SMARCC1, promotes direct neurogenesis and a decrease in overall
neuronal production (354, 356). Interestingly, in the absence of both SMARCC1 and
SMARCC2 at the onset of neurogenesis, the BAF complex is dissociated and the
neocortex remains relatively unformed; many progenitors undergo apoptosis and there
is only a negligible layer of cells that remain (357). Whether this apoptosis is due in part
to increased or unrepaired DNA damage in NPCs is unknown. However, delaying co-
deletion of these two subunits until a couple days after corticogenesis begins restricts

the impact to impaired neuronal migration (358). Thus, although BAF complex subunits
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can be widely expressed, they can also play precise cell type- and temporal-specific

roles during cortical development.

The differentiation of an NPC to a postmitotic neuron is accompanied by the
dissolution of neural progenitor-specific BAF complexes (termed npBAF) and assembly
of neuron-specific BAF complex (termed nBAF) (359-361). During this transition is the
exchange specific subunits within the complex (352). The neural progenitor-specific
subunits impact expansive versus neurogenic divisions (352, 362), whereas neuronal
components play multiple roles in fine-tuning dendritic and synaptic features (362-364).
In addition to neuron-specific BAF subunits, some broader subunits that can be included
both in progenitors and neurons, including BCL11A (CTIP1) and BCL11B, are crucial
mediators of neuronal identity and function. Deletion of Bc/171a from developing cortex
leads to impaired neuronal migration, cortical organization of sensory input, and balance
between intracortical and corticofugal projections (365-367). Bcl/11a has also been
implicated in the temporal progression of corticogenesis (368). Alternatively, and as
mentioned previously, Bcl11b is necessary and sufficient for development and
extension of corticospinal projections (151, 188). Recent work suggests that Bc/171a and
Bel11b can work collaboratively and potentially in compensatory fashions to regulate

neuronal identity and subsequent connectivity (368).

Chromatin remodeling complexes are unable to properly function without being
targeted and bound to genomic regions. In the BAF complex, much of this binding can
be performed by ARID1A (BAF250A), ARID1B (BAF250B), or ARID2 (BAF200). These
subunits are mutually exclusive, required for complex formation, and ARID1A/ARID1B

are associated with canonical and non-canonical BAF compositions while ARID2 is
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incorporated in polybromo-BAF complexes (369, 370). Each of these subunits binds to
DNA in a relatively sequence-independent manner and has distinct roles in organismal
development (370-372). | will point the spotlight at Arid7a in the next section, and for
large portions of Chapters 2 and 3, and thus will touch on only Arid1b and Arid2 here.
ARID1B is one of the top risk genes associated with ASD and extensively linked to
Coffin-Siris syndrome (318, 373). As such, it has been increasingly studied over the
past ten years in the context of brain development and function. Overall, its impact has
largely been attributed to interneuron genesis and maturation, callosal projection
development, and some slight involvement in cortical neurogenesis (374-376). In the
absence or reduction of Arid7b, mice display altered behavior along with a significant
reduction of cortical NPCs in M phase, IPCs, and cortical GABAergic neurons. These
decreases are concomitant with modest increases in progenitor apoptosis, however,
DNA damage status is unknown (374, 375, 377, 378). Later in neuronal maturation,
Arid1b impacts synaptic connectivity (379). While mutations in ARID2 have also been
associated with Coffin-Siris syndrome (380), its role in brain development is uncertain
and knockout models have not revealed any gross abnormalities in Arid2-deficient
cortices (381). Interestingly, although each of these ARID proteins are widely
expressed, ARID1A is present at a rate 3.5 times greater than ARID1B across a number
of cell lines (370), suggesting it may play a prominent role in cellular function. Together,
the INO8O, ISWI, and BAF complexes illustrate just a small number of ways by which
chromatin remodelers influence DNA replication, transcription, and DNA repair,

processes which are indispensable during brain development.
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Necessity of ARID1A and consequences of dysfunction

BAF complex subunits are commonly mutated in a variety of cancers. The most
frequently mutated subunit, however, is ARID1A (382). In some types of cancer (e.g.
ovarian clear cell carcinoma), ARID1A is mutated in greater than 50% of cases (383).
Although ARID1A’s role in cancer hasn’'t been fully fleshed out, it likely includes
interactions with PTEN, PIK3CA, and IL-6 signalling (384). Together, mutations in these

genes can lead to increased tumorigenic growth.

Arid1a is not only necessary to curb improper growth; it initiates and guides
emergence of the three distinct germ-layers early in embryogenesis. In humans,
homozygous mutations in ARID1A are not tolerated and heterozygous mutations are
deleterious (348). Work in mice revealed that homozygous lethality is likely due to a
very early necessity during embryogenesis. In constitutive deletion of Arid1a, mice
develop until gastrulation begins (near E6.5), but embryos fail to form mesoderm (385).
Thus, development is halted, and the embryos are unable to survive. Arid7a also plays
an important role in ectoderm development. The ectoderm gives rise to the neural crest,
and although germline knockout of Arid1a precludes study of this process, conditional
mouse genetics have revealed a necessity for Arid7a in neural crest cell development
(385, 386). Neural crest cells contribute to heart development, and in the absence of
Arid1a, heart formation is not completed coincident with an increase in cell death and
embryonic lethality by E14.5 (386). These studies reveal a distinct necessity for Arid7a

during development.

Some work has illustrated that depletion of ARID1A can elicit an increase of

ARID1B with partial rescue (387) whereas conflicting results do not uncover an
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upregulation of ARID1B or its protein product in ARID1A* cells (388). Additionally, in
ARID1A mutant cells, at least one functional copy of ARID1B is required for viability in
both normal and tumorigenic conditions (389). Although there may some overlap in their
functions, the separate necessity for ARID1A and ARID1B is highlighted in neural crest
cells. Without the ability to fully switch back and forth between ARID1A- and ARID1B-
containing BAF complexes, human induced pluripotent stem cells are unable to be
effectively differentiated into cranial neural crest cells (390). Overall, Arid1a and Arid1b

likely have distinct, redundant, and potentially compensatory roles.

ARID1A’s role in chromatin structure is, at least in part, to regulate enhancer
activity. One possibility is that ARID1A acts in tandem with the EP300 acetyltransferase,
which catalyzes the activating mark H3K27ac, to enable gene expression (391). In both
ARID1A*- and ARID1A* cells there are robust changes in the H3K27ac landscape near
enhancers but not promoters (392). ARID1A might impact histone modifications and
activation of gene expression with minor or context-dependent changes to chromatin
accessibility (387, 388, 393). Interestingly, this may be combined with ARID1A-
dependent pausing of RNA polymerase |l to regulate gene expression (387). Taken
together, both human and mouse Arid7a are involved in organismal development and
regulation of gene expression. During this thesis | sought to uncover what influence
Arid1a plays during cortical development considering its implication in ASD and Coffin-

Siris syndrome.
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Closing Remarks and Overview of Thesis

The overarching objective of this thesis is to deepen our understanding of what it
really takes to build the brain. In this pursuit, the experiments presented focus on
uncovering the impact of chromatin remodeling during cortical development. Previous
work has highlighted the linkage between chromatin remodelers dysfunction and
neurodevelopmental disorders. However, the unique influences of distinct chromatin
factors are still being unraveled. Efforts have largely described chromatin remodelers in
DNA damage repair and transcriptional regulation during brain development. How these
might act on a population level, rather than solely autonomously, is unclear. Along these
lines, mutations in chromatin remodeler ARID1A, part of the BAF chromatin remodeling
complex, have been previously associated with altered neurodevelopment. While Arid7a
has been extensively associated with transcriptional regulation, how it ultimately affects

brain development has not been interrogated.

In this dissertation, | leveraged conditional mouse genetics to spatiotemporally
identify the global and cell type-specific requirements for Arid7a during cortical
development. In Chapter 2, Arid1a deletion from cortical NPCs induced widespread
axonal misrouting of intracortical but not corticofugal connectivities. Complete callosal
agenesis mirrored circuit miswiring previously described in ARID1A haploinsufficient
patients. However, aberrant axonal trajectories were not limited to cortically-derived
tracts. Rather, Arid1a-proficient TCAs were also misrouted, thereby illustrating a non-
cell autonomous necessity for Arid1a. To confirm callosal misrouting was also due to
non-cell autonomous factors, | designed and utilized a self-excising and self-reporting

Cre recombinase construct to manipulate Arid1a in vivo. Using a complementary
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conditional knockout approach, | identified the critical window for ARID1A to influence
circuit wiring encompasses NPCs and/or newborn neurons prior to migratory
completion. In Chapter 3 | honed in on the transcriptomic and cell type-specific
consequences of Arid7a deletion. | uncovered an unexpected necessity for Arid71a to
establish the neuronal transcriptome, especially that of SPNs. These gene expression
alterations are detrimental; SPN organization, morphologies, projections, and ECM
depend on Arid71a. Introducing a novel approach to assess SP gene necessity and
sufficiency during cortical development, | found although Arid1a is ubiquitously
expressed, its role specifically in the SP is largely sufficient to orchestrate
developmental circuit wiring. This finding suggests a more broadly applicable framework
by which SP dysfunction can contribute to altered connectivity in neurodevelopmental
disorders. Finally, in Chapter 4 | evaluate how this work fits into the current landscape of
the field, where we can go next, and the bigger picture questions we are now poised to

address.
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Chapter 2: Arid1a is Essential for Establishing Cortical Circuitry in the Developing
Cortex'

Abstract

Cortical connectivity underlies mammalian conscious thought, action, and
perception. Here, | identified chromatin remodeler Arid1a as an essential regulator of
elaborate cortical circuit development. Deletion of Arid71a from cortical NPCs led to
robust axonal mistargeting of intracortical but not corticofugal projections. Remarkably,
thalamocortical axons that retain Arid7a expression were also misrouted, indicating a
non-cell autonomous mechanism. In vivo manipulation of Arid1a via in utero
electroporation revealed callosal agenesis was also a result of non-cell autonomous
influence. Interestingly, postmitotic deletion of Arid7a revealed a critical period for
ARID1A in NPCs or prior to completion of neuronal migration to direct brain wiring.
Together, this work uncovered a spatiotemporal necessity for Arid1a to non-cell

autonomously orchestrate cortical circuit development.

Introduction

The brain is the epitome of “the whole is greater than the sum of its parts.”
Although individual neurons, glia, etc. have distinct functions, the brain is not simply

additive. Its collective development relies on meticulous coordination of cell and non-cell

"This chapter includes the publication: Doyle DZ, Lam MM, Qalieh A, Qalieh Y, Sorel A, Funk OH, &
Kwan KY (2021). Chromatin remodeler Arid71a regulates subplate neuron identity and wiring of cortical
connectivity. PNAS. DOI: 10.1073/pnas.2100686118
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autonomous mechanisms for overall function. In particular, this is true for developmental
brain wiring. Each neocortical neuron intrinsically procures its molecular identity with
expression of various factors that also influence initial outgrowth of axonal and dendritic
projections. However, along their growth trajectories processes respond to
environmental cues originating from other neurons, be they repulsive or attractive
signals. Disruption of non-cell autonomous mechanisms can therefore greatly alter brain
wiring. Diagnoses of neurodevelopmental disorders are frequently accompanied by

changes in brain circuitry, but the mechanistic underpinnings are unclear.

Recent human genetic findings have convergently implicated altered chromatin
function in disorders of brain development (318, 320, 321). Chromatin organization can
contribute to a variety of cellular functions, including genomic integrity, neuronal identity,
and neuronal function (87, 103, 394). Impairments in any of these processes has the
potential to negatively influence brain development. Importantly, these events do not
exclusively retain cell autonomous impacts. Instead, changes in the chromatin
landscape can send new signalling coursing throughout the developing brain and adjust
circuit formation (103). Chromatin remodelers control events that need to occur on DNA,

and thus are ideally positioned to coordinate brain development.

Here, | focused my studies on the impact of chromatin remodeler gene Arid1a
during cortical development. ARID1A is an integral member of the BAF chromatin
remodeling complex that binds AT-rich regions of DNA to facilitate BAF targeting and
ultimately BAF-mediated changes to the chromatin landscape. Over the years, de novo
mutations in ARID1A have been linked to cancer, and more recently Coffin-Siris

syndrome (345, 395), a multi-anomoly developmental disorder with brain phenotypes.
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Accordingly, ARID1A is extremely intolerant to loss-of-function mutations based on the
rate of mutation occurrence in a phenotypically unaffected population (gnomAD:
observed/expected ratio = 0.02, pLI [Probability of being Loss-of-function Intolerant] = 1)
(396). However, the function(s) of ARID1A during brain development, and thus how

mutations in ARID1A can alter neurodevelopment, have not been unraveled.

Patients with Coffin-Siris syndrome frequently present with incomplete CC
development (395), suggesting ARID1A might dictate cortical circuit wiring. However,
ARID1A is present in both NPCs and postmitotic neurons (Figure 2.1) and could wield
its influence in either cell type, or both, to direct connectivity. To identify whether, which
projections, and via what cell type Arid1a might influence developmental brain wiring, |
used complementary Cre mouse lines to delete Arid1a with spatiotemporal control.
Conditional deletion of Arid1a from cortical NPCs near the onset of neurogenesis
caused widespread misrouting of intracortical, but not corticofugal, axons. Cortical
afferents were also disrupted, illustrating an indisputable non-cell autonomous role for
Arid1a. Interestingly, sparse deletion of Arid1a using in utero electroporation (IUE)
confirmed intracortical misrouting was also the result of non-cell autonomous
mechanisms. Deletion of Arid1a from NPCs, however, did not distinguish between its
necessity in NPCs, neurons, or both during cortical development. To differentiate
between the possibilities, | deleted Arid7a specifically from postmitotic neurons during
early stages of migration. Surprisingly, intracortical and thalamocortical circuit miswiring
was largely rescued in deletion of Arid7a post-mitosis. Together, these experiments
demonstrated Arid71a is necessary in NPCs or early in newborn neurons to non-cell

autonomously influence circuitry, disruption of which occurs brain disorders.
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Figure 2.1 Arid1a is ubiquitously expressed during cortical development

(A) Visualization of Arid1a expression in single-nucleus RNA-seq from E14.5 wildtype
cortex (103). Arid1a is robustly expressed in all cell types queried.

(B) Spatiotemporal analysis of ARID1A (cyan) during corticogenesis. E14.5
immunostaining of ARID1A in control brains revealed ARID1A expression in SOX2+
NPCs (yellow) and RBFOX3+ (NEUN+) neurons (magenta), and complete ARID1A
colocalization with DAPI (white) (n=3 animals), supporting ubiquitous expression of
ARID1A during cortical development. E11.5, E14.5, E17.5, and postnatal day PO brain
sections revealed widespread ARID1A expression during cortical development.

CIN: cortical interneuron, CPN: cortical projection neuron, IPC, intermediate progenitor
cell, RGC: radial glia cell, SPN: subplate neuron, CP: cortical plate, 1Z: intermediate
zone, Ln: layer n, LV: lateral ventricle, MZ: marginal zone, SP: subplate, SVZ:
subventricular zone, VZ: ventricular zone
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Results

Arid1a deletion does not broadly impair cortical layer formation

Mutations in ARID1A are associated with Coffin-Siris syndrome, which has
nervous system features such as intellectual disability and partial to complete agenesis
of the CC (395). Single-nucleus RNA-seq (103) complimented with immunostaining
illustrate that Arid1a and its protein product are found nearly ubiquitously during
corticogenesis and early postnatal development (Figure 2.1). At E14.5, Arid1a was
found in all identified cell types, and ARID1A was present in all DAPI+ cells, robustly co-
localized with SOX2 in the VZ, a marker of NPCs, and RBFOX3 (NEUN) in the CP, a
marker of postmitotic neurons. Together, the association between ARID1A and Coffin-
Siris syndrome, and the broad expression of ARID1A suggest a probable role in
coordinating brain development. However, constitutive deletion of Arid1a in mouse
leads to embryonic lethality by E7.5 due to an inability to form mesoderm (385). This is
prior to the initial formation of the brain, and thus the function of Arid7a in the
developing brain had not been studied. To circumvent this premature lethality, | utilized
a conditional allele of Arid1a (385) to cell type-specifically interrogate its potential

influence during brain development.

To first identify whether Arid7a does in fact influence cortical development, | used
a Cre line which has been well-established to mediate recombination in cortical NPCs
near the onset of neurogenesis, about E10.5, Emx71¢r (397). (Figure 2.2 A). | utilized a
Cre-dependent reporter allele, ROSA™™™G (398), in which Cre-negative cells express a
membrane-targeted tdTomato and Cre-positive cells express a membrane-targeted

EGFP to enable visualization of where Cre was active and interrogation of gross
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anatomical structures. Importantly, immunostaining at E14.5 revealed that deletion of
Arid1a from cortical NPCs with Emx71Cre, Arid1a", Emx1¢c* (cKO-E) effectively
eliminated ARID1A within the cortex from the Emx1 lineage, while leaving it intact within
Emx1-negative cortical endothelial cells and interneurons, and subcortical structures
such as the lateral ganglionic eminence (LGE) (Figure 2.2 B). Importantly, cKO-E mice
were born at Mendelian ratios, did not suffer premature death, and were fertile as
adults, in stark contrast to the embryonic lethality of constitutive Arid7a deletion. These
data confirm the cortical specificity of efficiency of Emx1¢® and utility of the Arid71a

conditional allele.
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Figure 2.2: Conditional deletion of Arid7a in developing cortex

(A) Schematic illustration of conditional Arid1a deletion using Emx1¢re, which mediates
recombination in cortical NPCs at E10.5, near the onset of neurogenesis.

(B) ARID1A (green) and DAPI (magenta) staining of coronal E14.5 Emx1¢re*;Arid1a
(cKO-E) brain sections revealed loss of ARID1A from VZ and SVZ NPCs and CP
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neurons derived from Emx71 lineage. ARID1A expression was unaffected in ventral
forebrain.

(C) Dorsal view of whole mount PO ctrl and cKO-E brains. Membrane EGFP (mEGFP,
green) was expressed Cre-dependently from ROSA™T™MG  Quantitative analysis of
cortical area in PO cKO-E and ctrl (data are mean, two-tailed unpaired ¢ test, n=4
animals/condition).

Nctx: neocortex, Hp: hippocampus, LGE: lateral ganglionic eminence, VZ: ventricular

zone, SVZ: subventricular zone, |1Z: intermediate zone, SP: subplate, CP: cortical plate,
MZ: marginal zone, Mb: midbrain, OB: olfactory bulb
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Initial analyses of brain size revealed that Arid7a deletion did not impact cortical
surface area at PO (ctrl mean= 11.37 mm?, cKO-E mean=10.10 mm?, p=0.123; two-
tailed unpaired t test, n=4 animals/condition) (Figure 2.2 C). These findings are
consistent with a lack of identification of micro or macrocephaly in patients with Coffin-
Siris syndrome, and contrasting microcephaly resulting from mutations in chromatin
remodelers which extensively regulate DNA damage repair during cortical development
(e.g. INOBO) (87, 337). However, it's possible that ARID1A could instead impact

formation and identity of cortical lamination.

The layers of excitatory neurons in the neocortex follow stereotyped laminar
positions and neuronal identities. In ctrl mice at PO, TBR1+ layer (L)6, BCL11B+
(CTIP2+) L5, and LHX2+ L2-5 neurons were organized in distinct and complimentary
manners and distributed from the cortical white matter (WM) to the marginal zone (MZ2)
(Figure 2.3 A). In cKO-E, TBR1+, BCL11B+, and LHX2+ neurons were present, with
location and distribution largely indistinguishable from ctrl. Quantitative comparisons
revealed that that were no significant alterations in the number of each of these neurons
at PO in cKO-E compared to ctrl (Marker-positive neurons per 100 ym column, TBR1:
ctrl mean=180.7, cKO-E mean=176.7, p=0.806; BCL11B: ctrl mean=246.3, cKO-E
mean=244.3, p=0.916; LHX2: ctrl mean=272.7, cKO-E mean=276.3, p=0.875, two-tailed
unpaired t test, n=3 animals/condition) (Figure 2.3 B). The lack of changes in broad
laminar structure and identity suggested that Arid7a is not globally necessary for

neuronal migration and fate.

Although there were no widespread alterations in cortical lamination, a striking

gap appeared to fracture the LHX2+ upper layers in PO cKO-E but not ctrl. This fissure
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had a vast reduction in DAPI+ cells, indicating that it was not a change in neuronal
identity within the region, but rather a disruption of the continuous cell bodies found
lining the cortical wall. To identify what might be filling this space and displacing the
neurons, | performed immunostaining for L1ICAM, a cell adhesion molecule present on
the surface of developing axons within the nervous system. In ctrl mice, L1CAM+ axons
were spread somewhat through the extent of the cortical layers, and slightly enriched
within the marginal zone (Figure 2.3 A). However, in cKO-E, L1CAM+ axons robustly
filled the gap in LHX2+ upper layer neurons, and traveled together tangentially, vastly
different from ctrl. Together these data indicate that Arid7a plays an integral role in
cortical development, potentially by mediating the growth of developing axons. Thus
Arid1a disruption could lead to altered cortical connectivity, a phenomenon likely related

to callosal agenesis identified in patients diagnosed with Coffin-Siris syndrome.
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Figure 2.3 Normal cortical lamination but misrouted axons following Arid1a
deletion

(A) Layer marker immunostaining on coronal PO brain sections. TBR1+ (L6, magenta),
BCL11B+ (L5, cyan), and LHX2+ (L2-5, green) neurons were correctly ordered in cKO-
E. Analysis of cumulative distribution of layer marker-expressing neurons through
thickness of cortex from white matter (WM) to marginal zone (MZ) revealed no
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disruption in cortical lamination in cKO-E (n=3 animals/condition). In all analyzed cKO-E
brains (3/3 animals), but none of the littermate control (ctrl) brains (0/3 animals), a
stereotyped gap (arrowheads) in the upper cortical layers was observed in LHX2 and
DAPI (blue) staining. This gap contained misrouted L1CAM+ (yellow) axons.

(B) Quantification of layer marker immunostaining for TBR1 (L6, magenta), BCL11B
(L5, cyan), and LHX2 (L2-5, green) revealed no significant changes in PO cKO-E
compared to ctrl (data are mean, two-tailed unpaired t test, n=3 animals/condition).

Ln: layer n, MZ: marginal zone, WM: white matter
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Arid1a deletion tract-dependently disrupts cortical axons

Disruption of the LHX2+ upper layers with aberrantly positioned L1CAM+ axons
in Arid1a cKO-E indicated that Arid7a could extensively regulate cortical circuit wiring
during development. To examine whether deletion of Arid7a in cKO-E led to widespread
misrouting of cortical axons, | used the Cre-dependent ROSA™™mG reporter. Emx1¢re
coupled with the ROSA™MG enabled anterograde tracing of all cortical excitatory
neurons in ctrl and cKO-E with membrane EGFP (mEGFP), and widespread
examination of projections from neurons in which Arid1a was deleted in cKO-E. In PO
ctrl, mEGFP beautifully revealed the three major intracortical projections: CC, AC, and
hippocampal commissure (Figure 2.4). In striking contrast to ctrl, cKO-E had complete
agenesis of the CC (CC thickness: ctrl mean=0.283 mm, cKO-E mean=0.00 mm,
p=1.0e-4, two-tailed unpaired t test, n=3 animals/condition). The absence of callosal
projections was not accompanied by Probst bundles, but rather widespread axonal
misrouting. In cKO-E, axons visualized with mEGFP aberrantly traveled tangentially
through the upper layers, projected radially through the cortical wall toward the pia and
terminated in clusters near the marginal zone, and sometimes appeared to border or
break through the pial surface. Furthermore, in cKO-E, presumptive axons of the AC did
not cross the midline (AC midline thickness: ctrl mean=0.157 mm, cKO-E mean=0.00
mm, p=9.2e-6, two-tailed unpaired f test, n=3 animals/condition) (Figure 2.4 B and C).
Instead, they appeared to take an alternative trajectory, diving ventrally and posteriorly
toward the hypothalamus. Misrouting of CC and AC was confirmed with L1CAM
immunostaining in coronal sections and ROSA™™G in horizontal sections, highlighting

widespread disruption of axonal trajectories (Figure 2.5). Accompanying loss of CC and
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AC in cKO-E, cortical deletion of Arid1a impaired development of the hippocampus
(Figure 2.6). Not only was the hippocampal commissure disrupted, but the
hippocampus itself was hypoplastic and disorganized (hippocampal area: ctrl
mean=0.609 mm?, cKO-E mean=0.342 mm?, p=7.0e-3, two-tailed unpaired t test, n=3
animals/condition). Axonal trajectories were visibly altered and the fornix, the major
output of the hippocampus, was qualitatively reduced. These data identified a severe

necessity for Arid7a in the initial formation of intracortical axon tracts.
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Figure 2.4 Widespread misrouting of intracortical projections in cKO-E

(A) Schematic illustration of interhemispheric intracortical projections on coronal section.

(B) Coronal sections of PO ctrl and cKO-E brains. Membrane EGFP (mEGFP, green)
was expressed Cre-dependently from ROSAM'™G  enabling visualization of cortical
axons. Agenesis of corpus callosum (open arrowhead) was observed in cKO-E (n=3/3
animals). The anterior commissure also failed to form (open arrow). The cKO-E cortex
was characterized by widespread axon misrouting (n=3/3 animals), including radially-
directed axons extending to the pia (red arrows) and tangentially-directed axons
travelling across the upper layers (red arrowheads).

(C) Quantification of corpus callosum and anterior commissure thickness at midline
(data are mean, two-tailed unpaired t test, n=3 animals/condition).

AC: anterior commissure, CC: corpus callosum, CPu: caudate putamen, Nctx:
neocortex
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Figure 2.5 Validation of intracortical misrouting following Arid7a deletion

(A) Validation of callosal agenesis and misrouting in coronal sections. L1CAM (green)
displayed misrouted axons traveling tangentially throughout the upper layers
(arrowheads) and radially toward the midline (arrow) in PO cKO-E but not ctrl.

(B) Horizontal sections of PO ctrl and cKO-E brains. Visualization of cortical projections
by ROSAmMIMG (black) uncovered in cKO-E misrouting of presumptive anterior
commissure axons (arrowheads), which failed to cross the midline. Corticofugal axons,
however, innervated the internal capsule (IC) in cKO-E without apparent deficit.
Hippocampal axons innervating the fornix (Fx) were present in cKO-E, although that
innervation was qualitatively reduced compared to ctrl.

aAC: anterior branch of the anterior commissure, pAC: posterior branch of the anterior
commissure, Fx: fornix, IC: internal capsule
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Figure 2.6 Hippocampal agenesis following Arid1a deletion

(A) Schematic illustration showing coronal hippocampal inset (red box) in (B).

(B) Coronal sections of PO ctrl and cKO-E hippocampus. DAPI (magenta) and mEGFP
(green) revealed hippocampal hypoplasia and axon misrouting (open arrowhead) in
cKO-E.

(C) Quantification of PO hippocampal area revealed a significant reduction and thus
hypoplasia in cKO-E (n=3 animals/condition).

CA: Cornu ammonis, CPu: caudate putamen, DG: dentate gyrus, fim: fimbria, Hp:
hippocampus, Hyp: hypothalamus, IC: internal capsule, Thal: thalamus
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While upper layer cortical neurons project exclusively intracortically (e.g. CC),
deep layer neurons project largely corticofugally, sending information from the cortex to
subcortical structures such as the thalamus and spinal cord (21). To examine whether
Arid1a deletion in cKO-E also impacted the development of corticofugal projections |
used the same Cre-dependent anterograde tracing strategy with ROSA™™mG (Figure
2.7). In sagittal sections of PO ctrl, mMEGFP+ axons could be seen extending out of the
cortex and traveling through the internal capsule to their final targets in dorsal thalamus,
tectum (inferior and superior colliculi), and spinal cord. In contrast to intracortical
misrouting in cKO-E, these corticofugal projections (corticothalamic, corticotectal, and
corticospinal) were qualitatively reduced in their strength, but appeared to follow the
correct trajectories out of the cortex and to their destinations. Corticothalamic rounded
through the internal capsule and turned dorsally into the thalamus, corticotectal
extended sufficiently into the midbrain, and corticospinal projected caudally past the
pons prior to decussating and entering the spinal cord. Altogether the extensive
misrouting of intracortical, but not corticofugal, connectivity supported a tract-dependent

and potentially target-based necessity for Arid7a in orchestrating cortical circuit wiring.
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Figure 2.7 Deletion of Arid1a did not extensively misroute cortical efferents

(A) Schematic illustration of corticofugal projections.
(B) Sagittal sections of PO ctrl and cKO-E brains. In cKO-E, corticofugal axons

innervated internal capsule (IC) without defect. The trajectories of corticothalamic axons
(CTA, red arrowheads), corticotectal axons, and corticospinal tract axons (CST, red
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arrows) were unaffected in cKO-E. Axons from anterior commissure (AC) were
misrouted to hypothalamus (Hyp, open arrowheads).

AC: anterior commissure, CPu: caudate putamen, CST: corticospinal tract, CTA:

corticothalamic axons, Hyp: hypothalamus, IC: internal capsule, Tect: tectum, Th:
thalamus
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Proper thalamocortical circuit wiring requires cortical Arid1a

The extensive misrouting of intracortical, but not corticofugal axons in Arid1a
cKO-E illustrated a striking, tract-dependent role for Arid71a within the developing cortex.
To examine whether Arid1a was required in the developing cortex to guide early cortical
afferents, those which originate outside the cortex and subsequently travel into it, |
examined TCAs (Figure 2.8). TCAs bring sensory information from the thalamus into
the cortex. Importantly, in cKO-E, Cre expression is restricted to NPCs of the cortex,

and thus Arid71a is still expressed by thalamocortical neurons.

In ctrl by P7, TCAs robustly innervated the cortex, and organized into
stereotypical whisker barrels corresponding to sensory information from each mouse
whisker. In cytochrome oxidase (CO) staining of ctrl tangential sections, the overall
structure of barrel cortex was consistently observed (n=3 animals) (Figure 2.8 B and
Figure 2.9 A). And in ctrl coronal sections, NTNG1+ TCAs formed discrete,
stereotyped, and organized barrels in somatosensory cortex (n=3 animals). However,
Arid1a cortical deletion led to extensive alterations in barrel formation. At P7 cKO-E
TCAs did not form barrel-like structures that could be visualized with either CO or
NTNG1 staining. Instead, the TCAs were defasciculated within the developing WM and

only formed distorted and disorganized clusters (n=3 animals).

TCAs follow a precise and well-established developmental trajectory in which
they travel from the thalamus through the subpallium, cross the PSB into the pallium
around E14.5 (298), enter the cortex and wait in the SP around E15.5 while their L4
targets are being born and migrating (246, 263, 399), begin growing into the CP near

E18.5 (298), and refine their projections and organize into discrete patterns (e.g.
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whisker barrels) by P5 (299). Arid1a deletion in cKO-E resulted in loss of TCA
organization by P7, but to identify where misrouting or impairments where originating
during TCA developmental. In PO ctrl, NTNG1+ TCAs had begun growing into cortical
layers, but largely remained in cortical WM, L6, and MZ (n=3 animals) (Figure 2.8 C).
However, in PO cKO-E, NTNG1+ TCAs now traveled dorsally throughout the cortical
layers and tangentially traversed through the upper layers toward the midline (n=3
animals). Interestingly, immunostaining for NTNG1 and L1CAM or mEGFP (from
ROSA™TmG) revealed TCAs did not majorly contribute to radially-directed misrouted

axons in cKO-E (Figure 2.8 C and Figure 2.9 B).

Around E15.5, TCAs have reached the cortex and go through a “waiting period”
within the SP. The TCA misrouting in cKO-E at PO introduced the possibility that
following cortical deletion of Arid7a in cKO-E, TCAs improperly entered the CP,
potentially bypassing the “waiting period” and resulting in the lack of final TCA
organization. At E15.5 in ctrl, NTNG1+ TCAs beautifully illustrated the “waiting period” in
both medial and lateral compartments of the cortex; after traversing the PSB, they
paused their ingrowth within SP and did not enter the CP (n=3 animals) (Figure 2.8 D).
However, this regulation went largely unnoticed in cKO-E. In E15.5 cKO-E, NTNG1+
axons failed to properly cross the PSB, and instead appeared to take a narrow and
more medial, aberrant route (n=3 animals), which could still be seen at E17.5 (Figure
2.9 C). Additionally, TCAs in cKO-E bypassed the “waiting period” in SP at E15.5 and
prematurely exited WM while prematurely invading CP in both medial and lateral cortex

(n=3 animals) (Figure 2.8 D). This was even more apparent by E16.5 (Figure 2.8 E).
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Arid1a cKO-E is characterized by widespread disruption of TCAs beginning
during cortical ingrowth and continuing through whisker barrel formation. However,
Emx1¢re is not active in thalamic neural progenitors or thalamic neurons (397). Thus,
TCA misrouting in cKO-E highlights a non-cell autonomous requirement for cortical

Arid71a in directing development of cortical afferents.
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Figure 2.8 Non-cell autonomous disruption of thalamocortical axon pathfinding
following Arid1a deletion

(A) Schematic illustration of thalamocortical axon (TCA) development.

(B) Whisker barrels in P7 ctrl and cKO-E primary somatosensory cortex were visualized
by cytochrome oxidase staining (CO, brown) on flattened cortices and NTNG1
immunostaining (green) on coronal sections. In cKO-E, barrel formation was severely
disrupted (n=4/4 animals). Many barrels were missing and the remaining barrels were
distorted or disorganized. NTNG1+ thalamocortical axons were defasciculated in
cortical white matter (open arrowheads) in cKO-E.

(C) NTNG1 immunostaining (green) on coronal sections of PO ctrl and cKO-E brains. In
ctrl, NTNG1+ thalamocortical axons were present in white matter and L6, as well as
marginal zone (MZ). In cKO-E, NTNG1+ thalamocortical axons were markedly
misrouted, extending dorsally from white matter through the cortical layers
(arrowheads). These aberrant axons then travelled tangentially across the upper layers
and toward the midline. NTNG1+ thalamocortical axons did not contribute to the
abnormal radially-directed axon bundles labeled by L1CAM (magenta, arrows) in cKO-
E.
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(D) Analysis of thalamocortical axon development in E15.5 ctrl and cKO-E cortex. In ctrl,
NTNG1+ thalamocortical axons extended across the pallial-subpallial boundary (PSB)
and were paused within the subplate (SP) during the embryonic “waiting” period. In
cKO-E, NTNG1+ thalamocortical axons did not cross the PSB along the normal
trajectory (n=3/3 animals). They formed an aberrant bundle of axons parallel to the PSB
(red arrow) and entered the cortex via an abnormal dorsal path. Notably, NTNG1+
thalamocortical axons prematurely invaded the cortical plate (CP) in both lateral (Lat)
and medial (Med) cortex (red arrowheads) (n=3/3 animals). The trajectory of these
axons was similar to that of the misrouted thalamocortical axons in the PO cKO-E cortex
(arrowheads in C).

(E) Analysis of E16.5 ctrl and cKO-E cortex revealed an abundance of NTNG1+
thalamocortical axons prematurely invading the cortical plate (red arrowheads).

CP: cortical plate, IZ: intermediate zone, Lat: lateral, Ln: layer n, Med: medial, MZ:

marginal zone, PSB: pallial-subpallial boundary, SP: subplate, TCA: thalamocortical
axon, Th: thalamus, VZ: ventricular zone, WM: white matter
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Figure 2.9 Altered thalamocortical innervation following Arid7a deletion

(A) Cytochrome oxidase (CO, brown) staining of flattened P7 control and cKO-E cortex.
Whisker barrels were stereotypically organized in ctrl but largely absent from cKO-E.

(B) mEGFP (green) and NTNG1 (magenta) immunostaining on sagittal sections of PO
ctrl and cKO-E brains. Both mEGFP+ cortical axons and NTNG1+ thalamocortical
axons contributed to the tangentially-directed aberrant axons in the upper layers (open
arrowheads) in cKO-E. Only mEGFP+ cortical axons were misrouted into radially-
directed bundles toward the pia (arrows).

(C) NTNG1 immunostaining (black) on coronal sections of E17.5 ctrl and cKO-E brains.
In cKO-E, NTNG1+ thalamocortical axons failed to correctly cross the pallial-subpallial
boundary (PSB), formed dense axon bundles parallel to the PSB (arrows), and entered
the cortex via an aberrant medial path.

Nctx: neocortex, OB: olfactory bulb, Th: thalamus
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Callosal formation non-cell autonomously requires Arid1a

CC development is a culmination of cell and non-cell autonomous mechanisms by
which cortical neurons acquire their identities, extend their axons across the midline,
and connect the two cortical hemispheres in both a homotopic and heterotopic fashion.
Misrouting of TCAs in Arid71a cKO-E introduced the possibility that callosal agenesis and
misrouting in cKO-E could also be a result of impaired non-cell autonomous
mechanisms. To query whether intracortical misrouting resulted from disruption of non-
cell autonomous Arid7a functions, | utilized IUE to sparsely delete Arid1a from likely
callosally-projecting upper-layer neurons. |IUE introduces DNA into the lateral ventricles
of a developing embryo and use of electric current to transfect NPCs lining the
ventricular wall, thereby providing a platform for spatiotemporally controlled

manipulation of subsets of NPCs and their subsequent progeny.

To manipulate Arid7a via IUE, | first generated a self-excising and self-reporting
Cre plasmid (CAG-sxiCre-EGFP). The construct was designed in the following order: 1)
CAG Promoter for broad, robust expression; 2) loxP-flanked, intron-containing iCre with
polyA signal for Cre expression in eukaryotic cells and self-removal to avoid Cre toxicity;
and 3) EGFP with WPRE and polyA to enable strong expression following self-excision
of Cre (Figure 2.10 A). | initially tested the efficacy of CAG-sxiCre-EGFP by transfecting
cortical NPCs at E14.5 via IUE and analyzing cortices at PO (Figure 2.10 B). In ctrl mice
which have one wildtype allele of Arid7a that is unaffected by Cre (Arid1a™*), 100% of
EGFP+ cells at PO still had robust ARID1A immunostaining. However, conditional-ready
Arid1a mice without genomic Cre (sparse deletion by Cre transfection, Arid1a™"), CAG-

sxiCre-EGFP had an Arid1a deletion efficacy of 97.67% in EGFP+ cells (proportion of
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EGFP+ cells expressing ARID1A: ctrl mean=1.00, sparse deletion mean=0.233,

p=1.95e-6, two-tailed unpaired t test, n=3 animals/condition).

After confirming the efficacy of CAG-sxiCre-EGFP, | performed IUE of Arid1a™*
(ctrl), cKO-E, and Arid1a™" (sparse deletion by Cre transfection) mice at E14.5 to target
NPCs producing upper layer neurons likely with callosal projections (Figure 2.11). In PO
ctrl, EGFP+ cells were located within L2-4 projected robustly interhemispherically. In
cKO-E, with pancortical Arid1a deletion, EGFP+ cells still migrated to the upper layers
but were reduced in their organization qualitatively, likely due to misrouted axons
present within the cortex prior to upper layer neurons reaching the cortical plate (e.g.
TCAs). Consistent with callosal agenesis revealed by L1CAM and mEGFP (from
ROSA™TmMG) immunostaining, EGFP+ axons in cKO-E completely failed to traverse the
midline and instead contributed to the aberrant projections radially toward the pia.
Sparse deletion of Arid7a did not impair migration of EGFP+ neurons to the upper
layers, and in stark contrast to cKO-E, EGFP+ axons abundantly projected into the CC
and into the contralateral hemisphere, indistinguishable from ctrl. Together, these data
provided strong evidence for Arid7a non-cell autonomously directing the development of

both thalamocortical and callosal connectivity.
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Figure 2.10 Validation of self-excising Cre-mediated Arid71a deletion

(A) Schematic illustration of a self-excising Cre expression EGFP reporter construct
(sxiCre) used for sparse deletion of Arid1a via in utero electroporation (IUE).

(B) Successful deletion of Arid7a in Arid1a™" mice (without genetic Cre) following sxiCre
IUE was confirmed by ARID1A (magenta) and EGFP (green) immunostaining. ARID1A
was lost (open arrowheads) from 97.67% of EGFP+ transfected cells in Arid71a™" mice

(data are mean, two-tailed unpaired t test, n=3 animals/condition).
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Figure 2.11 Correct callosal axon targeting following sparse deletion of Arid1a

A self-excising Cre expression EGFP reporter construct (CAG-sxiCre-EGFP or sxiCre)
was transfected into dorsal cortical NPCs of Arid7a™* (control, A), Emx1¢re’*;Arid1af
(cKO-E, D), and Arid1a™ (without genetic Cre, G) using in utero electroporation at
E14.5. At PO, ARID1A expression (magenta) was analyzed in EGFP+ transfected cells
by immunostaining. ARID1A was present in transfected control EGFP+ cells (solid
arrowheads, A), but was lost following pan-cortical genetic Arid1a deletion (cKO-E,
open arrowheads, D) or sparse Arid71a deletion (Arid1a™, open arrowheads, G). EGFP+
cells migrated correctly to the upper cortical layers in each condition (B, E, H). EGFP+
axons innervated the corpus callosum (CC) in control (solid arrow, C), but failed to do
so following broad Arid1a deletion in cKO-E (open arrow, F). Remarkably, sparse
deletion of Arid1a from Arid1a™ EGFP+ cells did not disrupt their innervation of the
corpus callosum (solid arrow, I). Loss of ARID1A expression from these cells (open
arrowheads, G) following sparse Arid1a deletion did not cell autonomously cause a
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callosal axon misrouting defect. Dorsally radiating axons could be identified in cKO-E,
but not ctrl or sparse Arid1a deletion following IUE of sxiCre (red arrows, J).

CC: corpus callosum, Ln: layer n, WM: white matter
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Arid1a is not required in postmigratory neurons for circuit formation

Arid1a is expressed ubiquitously during cortical development, in both NPCs and
postmitotic neurons. Thus, Arid7a could exert its non-cell autonomous influence via a
role in NPCs, newborn excitatory neurons, or postmigratory excitatory neurons. To
distinguish between these possibilities, | conditionally deleted Arid7a from cortical
excitatory neurons shortly after their genesis using Neurod6¢® (NexCr), Neurod6cre*;
Arid1a™" (cKO-N) (Figure 2.12 A) (400). Neurod6¢® activity was confirmed at E14.5
using Cre-dependent tdTomato (ROSAtdTomato) (401) within the 1Z and CP. In E14.5
cKO-N, ARID1A was intact in SOX2+ NPCs within the VZ, and was present partially
during migration through the 1Z, but not visible once NEUN+ neurons settled in the CP
(Figure 2.12 B). Thus, cKO-N could identify whether ARID1A is required post-migration

to non-cell autonomously coordinate callosal and thalamocortical development.

In cKO-E, pancortical Arid7a deletion led to complete callosal agenesis. To
determine whether neuron-specific cortical deletion of Arid7a impacted cortical
connectivity, | used ROSA™™™G in cKO-N to visualize cortical axons (Figure 2.13 A-D).
In PO ctrl, mEGFP+ axons extended extensively across the midline and into the
contralateral hemisphere. Surprisingly, and contrasting cKO-E, CC mEGFP in PO cKO-
N was indistinguishable from ctrl. It elaborately connected the cortical hemispheres and
did not display callosal agenesis (CC thickness: ctrl mean=0.257 mm, cKO-N
mean=0.241 mm, p=0.57, two-tailed unpaired t test, n=3 animals/condition). However,
AC was not rescued in cKO-N, underlining distinct mechanisms for CC and AC

development.
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To determine whether this early necessity for cortical Arid1a was also true for
TCA targeting, | analyzed NTNG1 immunostaining (Figure 2.13 E). Although cKO-E
displayed disruption of thalamocortical innervation, postmitotic Arid7a deletion in cKO-N
restored whisker barrel formation. NTNG1+ axons were no longer defasciculated in the
WM and barrels were stereotyped and organized. Together, these data suggested
Arid1a was necessary in NPCs or before migratory completion in postmitotic excitatory

neurons to non-cell autonomously direct cortical connectivity.
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Figure 2.12 Arid1a postmitotic neuronal deletion with Neurod6°e

(A) Schematic illustration of conditional Arid7a deletion using Neurod6¢e, which
mediates recombination in cortical excitatory neurons shortly after their genesis.
Visualization of Cre activity at E14.5 with ROSAtdTomato revealed tdTomato (red) within
the 1Z and CP but not in the NPC locales of the VZ and SVZ.

(B) At E14.5, ARID1A (cyan) was present throughout ctrl cortex. In cKO-N, ARID1A was
still robustly expressed in SOX2+ (yellow) NPCs within the VZ but diminished in a
gradient through the 1Z. After reaching the CP, RBFOX3+ (magenta) neurons were
largely devoid of ARID1A (arrowheads).

CGE: caudal ganglionic eminence, CP: cortical plate, LV: lateral ventricle, 1Z:

intermediate zone, MZ: marginal zone, Nctx: neocortex, SVZ: subventricular zone, VZ:
ventricular zone
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Figure 2.13 Postmitotic neuronal Arid7a deletion did not elicit widespread
misrouting
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(A) Schematic illustrations of Neurod6C® expression (red) throughout the embryonic
telencephalon, interhemispheric connectivity (black), and thalamocortical whisker
barrels (green) in coronal sections.

(B) Neurod6° activity during corticogenesis. At E16.5, Cre-dependent ROSA!dTomato
was apparent throught the 1Z, SP, and CP of ctrl and cKO-N. ARID1A (cyan) was
broadly expressed throughout the cortical wall of ctrl but absent largely absent from the
upper IZ, SP, and CP of cKO-N.

(C) Coronal sections of PO ctrl and cKO-N brains. Membrane EGFP (mEGFP, black)
was expressed Cre-dependently from ROSA™™MG, In both ctrl and cKO-N, the corpus
callosum formed without defect. In ctrl, the AC crossed the midline, seemingly
connecting the two hemispheres. In cKO-N, the posterior branch of the AC failed to
form, reminiscent of cKO-E (n=3/3 animals).

(D) Quantification of CC thickness at the midline revealed no significant reduction in
cKO-N compared to ctrl (data are mean, two-tailed unpaired ¢ test, n=3
animals/condition).

(E) NTNG1+ (green) thalamocortical whisker barrels in P7 cKO-N formed in a
stereotypical manner.

AC: anterior commissure, CC: corpus callosum, CP: cortical plate, CPu: caudate
putamen, hem: cortical hem, Hp: hippocampus, IZ: intermediate zone, Ln: layer n, MZ:
marginal zone, Nctx: neocortex, Pir: piriform cortex, SP: subplate, SVZ: subventricular
zone, Th: thalamus, VZ: ventricular zone, WM: white matter
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Discussion

Chromatin remodeling during brain development can contribute to various
processes, including DNA replication, transcription, and DNA repair. These are nuclear
events and are largely considered in the context of cell autonomy. However,
autonomous functions can cascade and exert non-cell autonomous influences. Arid7a,
a central subunit of the BAF chromatin remodeling complex, is consistently linked with
transcriptomic regulation. Gene expression broadly influences cellular processes,
including by controlling mediators of axon growth and guidance. While many genes
have been implicated in brain wiring, how Arid7a might leverage influence over cortical

connectivity remains unclear.

Clinical findings have implicated ARID1A broadly in cortical circuit development.
Mutations in ARID1A are associated with Coffin-Siris syndrome, a developmental
disorder which frequently presents with CC agenesis (395). | found that, in mice, Arid1a
is integral to direct the initial stages of axon growth and targeting in the developing
cortex (Figure 2.14). Despite its ubiquitous expression, Arid1a leverages surprising
non-cell autonomous control over formation of callosal and thalamocortical circuitry
broad necessity. These findings highlight the capacity for chromatin-mediated control of

brain wiring.

My work hinges on use of a conditional Arid7a allele to spatiotemporally delete it
from cortical NPCs or only their postmitotic neuronal progeny. Initially, NPC deletion of
Arid1a in cKO-E resulted in widespread loss of intracortical, but not corticofugal
connectivity. While the CC, AC, and hippocampal commissure were all absent,
corticothalamic, corticotectal, and corticospinal connectivities appeared correctly routed
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with some minor qualitative reduction. The loss of intracortical connectivity did not result
from neuronal loss as seen in deletion of other chromatin remodelers. Instead, putative
callosal projections diverged from their classical paths and travelled in aberrant
trajectories tangentially and radially through cortical laminae. CC misrouting in cKO-E
was radically different from classically described Probst bundles, which likely result from
unsuccessful midline fusion or disruption of midline glial populations. Arid71a likely

mediates callosal circuitry via comprehensive guidance of early growth.

The neocortex relies on input from other brain regions to properly coordinate
conscious processes. Despite Arid71a’s likely autonomous role in chromatin control,
aberrant axonal trajectories in cKO-E suggested a potentially broader regulation of
connectivity. To assess whether Arid1a orchestrated cortical afferents, | examined
development of thalamocortical circuits, which ultimately transport sensory information
into the cortex. While Arid1a was expressed in thalamocortical neurons in cKO-E, they
were mistargeted and unable to form stereotypical whisker barrels. To determine
whether callosal misrouting was also a result of non-cell autonomous impairments, |
designed a self-excising, self-reporting Cre recombinase construct to sparsely delete
Arid1a from a subset of callosally-projecting neurons. Interestingly, sparse deletion of
Arid1a from upper-layer neurons revealed callosal misrouting was also a result of non-
cell autonomous influence. Together, these findings supported a robust mechanism by
which Arid7a non-cell autonomously directs callosal and thalamocortical circuitry in the

developing cortex.

The ubiquity of Arid1a has the capacity to mask its temporal necessity. Arid1a’s

function could be centered on expression in NPCs, newly born neurons, or
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postmigratory neurons. Deletion of Arid7a from excitatory neurons shortly after their
genesis in cKO-N, although still impairing AC development, surprisingly did not perturb
formation of CC or whisker barrels. Importantly, examination of ARID1A in cKO-N
enabled clarification of Arid1a’s temporal dynamics. ARID1A was still present in
neurons migrating through the IZ but largely absent from postmigratory neurons in the
CP. Thus, Arid1a’s critical window to impact circuit wiring is currently situated to include
both NPCs and newly born, perimigratory neurons. It is unlikely the temporal dynamics
can be further refined at this time; the available tools are insufficient to completely

eliminate ARID1A from neurons as they are born without deleting Arid7a from NPCs.

Arid1a has previously been studied in the context of cancer, cardiogenesis, and
neural crest development (345, 386). However, it's impact on brain development has
been only tentative. It is possible that Arid7a impacts cortical NPC proliferation and
differentiation as has been reported in other progenitor types (390). Given the lack of
robust changes in neuronal quantity or broad subtype specification in cKO-E, this would
be a minor effect with far-reaching authority. Alternatively, NPC ARID1A could
propagate its influence via mitotic bookmarking. Mitotic bookmarks can include retained
genomic binding and histone posttranslational modifications that are passed on from
mother to daughter cells (402). As a chromatin remodeler, Arid7a could act as a
bookmark itself while also having the potential to influence chromatin structure and
transcription factors binding. Previously, mitotic bookmarking has been shown to
regulate proliferation and lineage commitment. In Arid7a’s NPC absence, it is possible

that neurons inherit an inadequate chromatin landscape and are unable to properly
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function. Partial support for this idea arises as some BAF subunits and factors known to

associate with BAF have been suggested as bookmarks (e.g. GATA1) (403, 404).

The lack of gross anatomical and circuit changes in cKO-N does not discount the
possibility that Arid1a performs an important function in postmigratory neurons. Both
cKO-E and cKO-N do not exhibit premature lethality and are able to breed, however,
their behavioral and electrophysiological characteristics have not been assessed. If
Arid1a is unnecessary in postmigratory neurons, it begs the question of why it is
expressed in the first place. One potential function for Arid7a in mature neurons is in
DNA damage repair. While frequently examined in replicating and dividing cells, DNA
damage can and does also occur in terminally postmitotic cells. Typically, neuronal DNA
damage is attributed to oxidative stress and neuronal activity (405, 406). A potential
involvement of Arid1a in postmitotic neuron genome integrity is supported by its

previous linkage with non-homologous end joining (407).

Overall, it is apparent that Arid7a influences cortical circuit development in vital
ways. These data strongly support non-cell autonomy; however, the mechanistic
underpinnings could be convergent or divergent for callosal and thalamocortical
circuitry. While possible that posttranslational mechanisms could contribute, Arid71a’s
designation as a chromatin remodeler requires careful consideration of transcriptomic
regulation. The lack of cell autonomous misrouting of callosal projections raises the
intriguing possibility that, although ubiquitously expressed, Arid1a may prioritize its

contribution through a subset of cortical cells.

101



A

Control (ctrl)

?3 j ;iw\/

s c\/ j

V@O, . o_.,0_.0
E10.5 E17.5
B
EmX1Cre/+. p 1
Arid1a™ ’ L23 1 AN, |
(cKO-E) I % N
Sep
j ‘v\v‘-“t
vz@L Q Q o_.0
Emx16re
C
Neurod6°*; >
Arid1a™" " E i e
(cKO-N) ‘XPU e
Neurod6°"e SP g / j \_
vZ@5 , o o_.0_.0

Figure 2.14 Schematic summary of Arid7a-dependent cortical circuitry

(A) Arid1a is expressed in all cell types throughout corticogenesis. To support brain
function, interhemispheric connections including the CC and AC traverse the midline,
corticofugal projections exit the cortex to various regions including thalamus and spinal
cord, and thalamocortical projections bring sensory information to the cortex.

(B) Emx1¢re-mediated deletion of Arid7a (cKO-E) occurs near the onset of neurogenesis
and affects NPCs and their progeny. In cKO-E, there is complete CC and AC agenesis.
Putative CC axons radiate dorsally toward the pia and AC projections dive ventrally
toward hypothalamus. In contrast, corticofugal tracts are largely unaffected.
Thalamocortical projections, which still express Arid7a, are incorrectly targeted; they
travel tangentially through upper cortical layers and fail to form distinct whisker barrels.

(C) Neurod6Ce-mediated deletion of Arid7a (cKO-N) occurs in newly postmitotic
neurons. ARID1A is still partially present during neuronal migration and is sufficient to
support formation of CC and thalamocortical whisker barrels. In contrast, postmitotic
Arid1a deletion still elicits misrouting of AC similar to cKO-E.

AC: anterior commissure, CC: corpus callosum, CPu: caudate putamen, Ln: layer n, SP:
subplate, Th: thalamus, VZ: ventricular zone
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Conclusion

Intricate brain connectivity is the product of precise projection growth and
instructions to locate synaptic partners. One method by which to control these events is
by intrinsic regulation of chromatin structure and ultimately gene expression. These
autonomous acts can influence neighboring cells and projections. Here, | investigated
how the chromatin remodeler Arid1a mediates cortical development. Consistent with
human CC dysgenesis in cases of ARID1A mutations, deletion of Arid7a from cortical
NPCs led to complete callosal agenesis and unexpected radial and tangential
misrouting. Surprisingly, corticofugal projections were largely unaffected, but TCAs
failed to properly enter the cortex, neglected their “waiting period” in the subplate, and
did not organize into identifiable whisker barrels. As thalamocortical neurons still
expressed Arid1a, their misrouting was undeniably a result of non-cell autonomous
mechanisms. To identify whether callosal disruption was also non-cell autonomous, |
generated a self-excising, self-reporting Cre recombinase construct that expresses
EGFP following Cre activity. Interestingly, deletion of Arid1a sparsely from callosal
neurons was insufficient to induce misrouting. To identify a critical window, despite its
ubiquity, for Arid7a to leverage its non-cell autonomous control, | deleted Arid1a from
postmitotic neurons shortly after their genesis thereby largely eliminating ARID1A by the
time migration was completed. Surprisingly, this delayed deletion largely did not affect
callosal or thalamocortical circuitry. Together, these analyses illustrate an essential role
for Arid7a in NPCs or almost immediately after neuronal birth to non-cell autonomously
direct major cortical connectivity, disruption of which is associated with

neurodevelopmental disorders.
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Materials and Methods

Mice and mouse husbandry

All experiments were carried out in compliance with ethical regulations for animal
research. The study protocol was reviewed and approved by the University of Michigan
Institutional Animal Care & Use Committee. Mice were maintained on 12 hour day:night
cycle with food and water ad libitum. Mouse strains were previously generated and are
listed in Table 2.1. Date of vaginal plug was considered embryonic day 0.5. Genotyping
was performed with DreamTag Green 2x Master Mix (Thermo Fisher) and primers can

be found in Table 2.2.

Immunostaining and imaqing

Brains were isolated and fixed in 4% PFA overnight at 4° C, embedded in 4%
agarose, and vibratome-sectioned at 70 ym. Free-floating sections were blocked and
immunostained in blocking solution containing 5% donkey serum, 1% BSA, 0.1%
glycine, 0.1% lysine, and 0.3% Triton X-100. Sections were incubated with primary
antibodies in blocking solution overnight at 4° C and with secondary antibodies for 1h at
RT. Following secondary antibody staining, sections were mounted with VECTASHIELD
Antifade Mounting Medium (Vector Laboratories). Images were acquired using an
Olympus SZX16 dissecting scope with Olympus U-HGLGPS fluorescent source and Q-
Capture Pro 7 software to operate a Q-imaging Regia 6000 camera, an Olympus
Fluoview FV1000 confocal microscope with FV10-ASW software, or an Olympus
Fluoview FV3000 confocal microscope with FV31S-SW software. Images were
processed and quantified in Imaged and Adobe Photoshop. Primary and secondary

antibodies are listed in Table 2.3.
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Cytochrome oxidase

Brains from P7 mutant and control mice were fixed for 2 h at RT in 4% PFA, and
the cortices were dissected off, flattened between two glass slides, and fixed overnight
at 4° C. Following fixation, flattened cortices were sectioned on a vibratome at 150 pm.
Sections were incubated at 37° C overnight in a solution containing 4 g sucrose, 50 mg
DAB (Sigma-Aldrich), 15 mg cytochrome C (Sigma-Aldrich) per 100 mL of PBS.
Sections were washed with PBS, and imaged with an Olympus SZX16 dissecting

scope.

Plasmid constructs and in utero electroporation

For CAG-sxiCre-EGFP, an iCre sequence followed by polyA and flanked by loxP
sites was placed immediately downstream of a CAG promoter. An EGFP sequence,
WPRE, and polyA were inserted following the iCre/loxP cassette so that Cre expression
will lead to self-excision and EGFP expression. Approximately 2 uL of 1.5 ug/uL CAG-
sxiCre-EGFP was injected into lateral ventricles. Plasmids were transferred to NPCs in

the VZ by electroporation (five 45-ms pulses of 27 V at 950-ms intervals).

Statistical analyses

Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software).
Values were compared using a two-tailed, unpaired Student’s t test, or ANOVA with
Tukey’s post hoc test. An a of 0.05 was used to determine statistical significance unless

otherwise indicated.
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Table 2.1: Mouse strains used in this study.

Mouse Description ID Citation
STOCK Arid1g™"1%hwaj Floxed exons 8 of JAX# (385)
Arid1a" Arid1a 027717
B6.129(Cg)- Cre-dependent switch from | JAX# (398)
Gt(ROSA)26Sorm4ACTE-tdTomato,- mtdTomato to mEGFP at 007676

EGFP)Luoy . ROSA26 locus

ROSA™™

B6.Cg-Gt(ROSA)?6Scrtm14(CAG- Cre-dependent expression | JAX# (401)
tdTomato)Hze J of tdTomato at ROSA26 007914
RQOSAtTemato locus

B6.129S2-Emx1tm1(cre)Kiy Knock-in of IRES and Cre to | JAX# (397)
Emx1'RES-cre Emx1 locus 005628
Neurod6™?(cre)kan Knock-in of Cre to MGI# (400)
Neurod6°"® Neurod6 locus 2668659
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Table 2.2: Genotyping oligos used in this study.

Gene Target | Oligo Name Sequence (5’ - 3’) Notes

Cre Cre-F TCGATGCAACGAGTGATGAG 500 bp for Emx 1
Cre-R TTCGGCTATACGTAACAGGG and Neurod6°™

Arid1a" Arid1a-F TGGGCAGGAAAGAGTAATGG WT =116 bp
Arid1a-R CACTGACTGGCGTGTTCAGA Floxed = 170 bp
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Table 2.3: Primary and secondary antibodies used in this study.

Primary Antibody Company and product number Dilution
Rabbit anti-ARID1A Abcam ab182560 1:1000
Goat anti-SOX2 Santa Cruz Biotechnology sc-17320 1:250
Chicken anti-RBFOX3 Sigma-Aldrich ABN91 1:2000
Rabbit anti-TBR1 Abcam ab31940 1:250
Rat anti-BCL11B Abcam ab18465 1:500
Rabbit anti-LHX2 Sigma-Aldrich ABE1402 1:2000
Rat anti-L1CAM Sigma Aldrich MAB5272 1:1000
Chicken anti-GFP Abcam ab13970 1:2000
Goat anti-Netrin-G1a R&D Systems AF1166 1:100
Donkey anti-Chicken IgY (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 703-545-155

Donkey anti-Goat IgG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 805-545-180

Donkey anti-Rabbit 1gG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 711-545-152

Donkey anti-Rat IgG (H+L), Alexa | Jackson ImmunoResearch Labs 1:250
Fluor 488 AffiniPure 712-545-150

Donkey anti-Chicken IgY (H+L), | Jackson ImmunoResearch Labs 1:250
Cy3 AffiniPure 703-165-155

Donkey anti-Goat IgG (H+L), Cy3 | Jackson ImmunoResearch Labs 1:250
AffiniPure 705-165-147

Donkey anti-Rabbit 1gG (H+L), | Jackson ImmunoResearch Labs 1:250
Cy3 AffiniPure 711-165-152

Donkey anti-Rat IgG (H+L), Cy3 | Jackson ImmunoResearch Labs 1:250
AffiniPure 712-165-153

Donkey anti-Chicken IgY (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 647 AffiniPure 703-605-155

Donkey anti-Rabbit 1gG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 647 AffiniPure 711-605-152

Donkey anti-Rat 19G (H+L), Cy5 | Jackson ImmunoResearch Labs 1:250

AffiniPure

712-175-153
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Chapter 3: Subplate Arid7a Non-Cell Autonomously Mediates Early Cortical
Connectivity?

Abstract

Developmental emergence of cortical connectivity can be influenced by
pioneering cell types. While distinct cell types have unique gene expression profiles,
ubiquitously expressed genes can have cell type-specific influences. Here, | identified
Arid1a regulates the establishment of the neuronal transcriptome. Rather than broadly
affecting neurons, Arid1a deletion biasedly impacted subplate neurons. In tandem with
gene expression changes, subplate neurons displayed robust changes in organization,
morphology, projections, and extracellular matrix. Disruption of these developmental
characteristics following Arid1a deletion likely contributes to non-cell autonomous circuit
miswiring. Sparing Arid71a in the subplate was, in fact, sufficient to support brain wiring
and ultimately the formation of callosal and thalamocortical connectivities. Altogether,
Arid1a is a multifaceted regulator of subplate neuron gene expression and
accompanying features, ideally positioning subplate neurons to coordinate the formation

of essential brain connectivity.

2This chapter includes the publication: Doyle DZ, Lam MM, Qalieh A, Qalieh Y, Sorel A, Funk OH, &
Kwan KY (2021). Chromatin remodeler Arid71a regulates subplate neuron identity and wiring of cortical
connectivity. PNAS. DOI: 10.1073/pnas.2100686118
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Introduction

The wiring of cortical circuits requires precise alignment of cell autonomous and
non-cell autonomous mechanisms and communication between a variety of cell types.
The neocortex is structured such that incoming and outgoing projections sit beneath
numerous layers of somata they originated from or are targeting. At the interface of
cortical layers and developing connectivity are SPNs, the firstborn neurons of the

neocortex.

The SP is a transient layer of the fetal cerebral cortex essential to the
developmental wiring of cortical circuits (239, 246, 269, 285, 408-414). During
neurogenesis, cortical NPCs generate excitatory neurons following an orderly temporal
progression, successively giving rise to SPNs SPNs, then deep layer neurons, then
upper layer neurons (21, 59). As the first neurons generated from embryonic cortex,
SPNs establish emerging axon tracts and form the earliest synapses (106, 246, 260,
285, 408, 409, 415, 416). Importantly, SPNs, which are strategically positioned at the
interface between post-migratory neurons and the developing WM, serve non-cell
autonomous wiring functions in the formation of cortical circuits. Experimental SP
ablation during fetal development leads to misrouting of TCAs (303-305) and disrupts
formation of sensory maps (307, 308), and perturbed SP function has been
hypothesized to contribute to circuitry defects in disorders of brain development (311-
313). Mechanistically, SPNs non-cell autonomously mediate circuit wiring at least in part
by extending the earliest cortical descending axons, which interact with ascending TCAs
during pathfinding (as posited by the “handshake hypothesis”) (417, 418) and contribute

to their crossing of the PSB (306, 419). SPNs also secrete ECM components that
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support axon guidance (246, 289). In addition, SPNs are required for early oscillatory
activity (412, 415). In postnatal ages, some SPNs undergo programmed cell death

(242), thereby serving a transient role in cortical circuit development.

Despite the central position of SPNs in orchestrating cortical connectivities, the
molecular determinants of SP wiring functions have remained largely elusive. Previous
studies have focused on genes selectively expressed in SPNs (313, 420). These
important studies illuminated the genetic bases of SPN specification, migration, and
axon development (141, 142, 144, 162, 163, 274, 421). The severe axon misrouting
phenotypes of SP ablation (303-305), however, are not broadly recapitulated in these
genetic mutants. And the mechanisms underpinning the axon guidance functions of SP
have remained largely mysterious. Here, by cell type-specific dissection of gene
function, | identify Arid1a as a key regulator of multiple subplate-dependent axon

guidance mechanisms indispensable for cortical circuit wiring.

In Chapter 2 | identified Arid1a’s necessity for proper targeting of intracortical and
thalamocortical circuit development. However, the cell type-mediator of Arid7a influence
was unclear. Here | use transcriptomics, temporally distinct Cre lines, and cell type-
specific reporters to analyze cell type-specific necessity and sufficiency for Arid7a. At
the transcriptomic level, | unbiasedly find a selective loss of SPN gene expression
following Arid1a deletion, thus identifying SP as a potential substrate of Arid1a
phenotypes. Consistent with this, Arid7a axon misrouting defects are highly reminiscent
of SP ablation (303-305). Furthermore, multiple characteristics of SPNs crucial to their
circuit wiring functions, including SP organization and ECM, are disrupted following

Arid1a deletion. Importantly, descending SP axons are severely attenuated, abrogating
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their co-fasciculation with ascending TCAs. This “handshake” interaction with SP axons
is essential to TCA pathfinding and whisker barrel formation (417, 418), both of which
are disrupted by Arid71a deletion. Thus, | find a necessity for Arid7a in orchestrating
distinct aspects of SP circuit wiring functions. To empirically test Arid7a sufficiency in
SPNs, | use a genetic approach to generate a CP deletion of Arid1a that spares SPNs.
In this model, | find that Arid7a expression in SPNs is sufficient to support SP
organization, “handshake” with TCAs, and ECM. Consistent with these wiring functions,
SP Arid1a expression sufficiently enables normal TCA targeting, whisker barrel
development, and callosum formation. Together, this study identifies Arid7a as a central
regulator of SP-dependent axon pathfinding, unequivocally establishes SP function as
essential to callosal development, and highlights non-cell autonomous mechanisms in

circuit development and disorders thereof.

Results

Arid1a establishes the neuronal transcriptome

Mutations in ARID1A are associated with Coffin-Siris syndrome, which often
presents with callosal agenesis (348). In line with this human phenotype, pancortical
deletion of Arid71a from NPCs in cKO-E, but not from only postmitotic excitatory neurons
in cKO-N, led to robust non-cell autonomous misrouting of callosal and thalamocortical
circuitry. Elaborate orchestration of axon growth and guidance programs occurs during
development to direct cortical circuit wiring. However, previous studies of axon growth
and guidance factors in the developing cortex fail to phenocopy Arid1a cKO-E, and thus

suggest disruption of one or more novel participants, or combinatorial dysfunction of
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multiple known components. As a chromatin remodeler, Arid1a is well-positioned to

regulate gene expression.

To ascertain whether pancortical Arid1a deletion in cKO-E disrupted the
transcriptome during corticogenesis, | performed unique molecular identifier (UMI) RNA-
seq of E15.5 cortices from littermate ctrl and cKO-E (n=6 animals/condition) (Figure 3.1
A). UMI RNA-seq leverages Click chemistry to add a UMI to each initial cDNA molecule
to enable deduplication of reads post-sequencing (50, 422). Prior to ctrl versus cKO-E
comparisons, analysis of External RNA Controls Consortium (ERCC) RNA standards
spike-in revealed reliable quantification over a broad range of expression levels
(Pearson correlation coefficient: r=0.7482, Spearman rank correlation coefficient:
p=0.8109) (Figure 3.1 B). Differential expression analysis of ctrl versus cKO-E using
edgeR (423) revealed widespread changes in gene expression with a false discover
rate (FDR) of <0.01. In E15.5 cKO-E, 103 genes were differentially expressed, with 91
downregulated and 12 upregulated compared to ctrl (Figure 3.1 C). Of note,
expression-level differences of two downregulated genes (Tle4 and ZfpmZ2) and two
genes without significant changes (Lhx2 and Tbr1) were validated using droplet digital
(dd)RT-PCR, a highly sensitive a quantitative technique (Mean Normalized RNA level,
Tle4: ctrl=0.889, cKO-E=0.458, p=2.9e-4; Zfpm2: ctrl=0.730, cKO-E=0.357, p=0.03;
Lhx2: ctrI=3.67, cKO-E=2.75, p>0.99; Tbr1: ctrI=3.84, cKO-E=4.20, p>0.99, two-tailed
unpaired t test with Bonferroni correction, Tle4, Zfpm2, and Tbr1: n=6 animals/condition,
Lhx2: ctrl=6 animals, cKO-E=5 animals) (Figure 3.1 D). Importantly, decreased Tle4

expression was consistent with a reduction in the number of TLE4+ cells in cKO-E
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compared to ctrl (Marker-positive cells per 100 ym, ctrl mean=, cKO-E mean=, p=3.9e-

3, two-tailed unpaired t test, n=3 animals/condition).

To determine whether axonal misrouting in cKO-E could be due to reduced
expression of genes associated with axon extension and guidance, | intersected the 91
downregulated genes in cKO-E with 138 axon extension genes (Gene Ontology [GO]:
0048675) and 253 axon guidance genes (GO: 007411). One axon extension gene
(Myobb) and one axon guidance gene (Ablim1) were significantly reduced in cKO-E and
validated by ddRT-PCR (Mean normalized RNA level, Myobb: ctrl=0.0459, cKO-
E=0.0299. p=0.04; Ablim1: ctrl=0.483, cKO-E=0.255, p=0.02, two-tailed unpaired ¢ test
with Bonferroni correction, n=5 animals/condition) (Figure 3.1 E). However, disruption
of either gene has not been shown to cause widespread misrouting seen in cKO-E
(424). Importantly, neither axon extension nor axon guidance genes were significantly
overrepresented in cKO-E downregulated genes compared to chance (axon extension:
Phyper=0.3610; axon guidance: Phyper=0.3427, hypergeometric test with Bonferroni

correction, a=0.025).
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Figure 3.1 Transcriptomic dysregulation following Arid7a deletion

(A) Schematic illustration of bulk RNA-seq from microdissected neocortex.

(B) Aggregate assessment of ERCC spike-in standards in UMI RNA-seq revealed
excellent quantification over a broad range of expression levels. All differentially
expressed genes were within the dynamic range of UMI RNA-seq.

(C) Volcano plot of unique molecular identifier (UMI) RNA-seq data comparing E15.5
cortex of cKO-E (n=6 animals) to ctrl littermates (n=6 animals). For each gene, P-value
was calculated with likelihood ratio tests and false discovery rate (FDR) was calculated
using the Benjamini-Hochberg procedure. Differentially expressed genes (FDR < 0.01)
are indicated by red dots. Of the 103 differentially expressed genes, 91 were
downregulated and 12 were upregulated in cKO-E.
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(D) Droplet digital (dd)RT-PCR validation of two genes that were downregulated in cKO-
E based on RNA-seq (Tle4, Zfpm2) and two genes unchanged in cKO-E based on
RNA-seq (Lhx2, Thr1) (data are mean, two-tailed t test with Bonferroni correction, Tle4,
Zfpm2, and Tbr1: n=6 animals/condition, Lhx2: ctrl n=6, cKO-E n=5 animals).
Immunostaining for TLE4 (cyan) in PO ctrl and cKO-E cortex confirmed a significant loss
of TLE4+ cells in cKO-E (data are mean, two-tailed t test, n=3 animals/condition).

(E) Hypergeometric analysis of genes significantly downregulated in cKO-E (FDR <
0.01) revealed no significant overrepresentation of axon guidance (GO:0007411) or
axon extension (G0O:0048675) genes (hypergeometric test, Bonferroni correction, a =
0.025). Ablim1 (axon guidance) and Myo5b (axon extension) downregulation in E15.5
cKO-E cortex was confirmed by ddRT-PCR (data are mean, two-tailed t test with
Bonferroni correction, n=5 animals/condition).

Hp: hippocampus, Nctx: neocortex, Th: thalamus, TPM: transcripts per million, UMI:
unique molecular identifier
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In cKO-E, Arid1a is deleted from NPCs near the onset of neurogenesis,
eliminating ARID1A from NPCs and their subsequent progeny. Thus, loss of Arid7a
could directly impact the transcriptome of NPCs, postmitotic neurons, or both at E15.5.
To distinguish between these possibilities, | examined previously generated RNA-seq
from laser microdissection of E14.5 VZ, SVZ/IZ, and CP to identify NPC genes (VZ-
enriched) and neuronal genes (CP-enriched) (Figure 3.2 A) (425). In total, 1262 VZ-
enriched and 866 CP-enriched genes were identified (VZ:CP pa<0.001). In E15.5 cKO-
E compared to ctrl, 5 VZ-enriched and 35 CP-enriched genes were significantly
downregulated (ctrl:cKO-E FDR<0.01) (Figure 3.2 B). Hypergeometric analyses
revealed that neuronal (CP-enriched), but not NPC (VZ-enriched), genes were
significantly overrepresented in cKO-E versus ctrl downregulated genes (CP-enriched:
Phyper=7.16€-21; VZ-enriched: Pnype=0.113, hypergeometric test with Bonferroni
correction, a=0.025). Together, these data suggested Arid7a plays a significant role in

activating the neuronal transcriptome.

Deletion of Arid1a only from postmitotic cortical excitatory neurons in cKO-N
eliminated ARID1A near completion of neuronal migration. However, cKO-N did not
display the callosal agenesis and TCA misrouting of cKO-E, suggesting a necessity for
ARID1A in NPCs or newborn postmitotic neurons for circuit wiring. Thus, to differentiate
between neuronal gene expression changes that could contribute to circuit miswiring in
cKO-E and those unlikely to contribute, | performed UMI RNA-seq on E15.5 ctrl and
cKO-N cortices (ctrl n=4, cKO-N: n=6 animals) (Figure 3.2 C and D). Surprisingly, cKO-
N had relatively minimal transcriptional effect; only two genes were differentially

expressed (Lmo3 and Sema3e, FDR<0.01), neither of which were altered in cKO-E.
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Additionally, the fold changes of cKO-E differentially expressed genes largely collapsed
and did not differ from ctrl in cKO-N (Figure 3.2 E). Transcriptome data from both cKO-
E and cKO-N revealed that ARID1A was required in NPCs or early in postmitotic
neurons to establish neuronal gene expression but is unnecessary for neuronal

transcriptome maintenance.
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Figure 3.2 Arid1a deletion disrupts establishment the neuronal transcriptome

(A) Schematic illustration of laser microdissection (LMD) identifying NPC and neuronal
genes based on VZ and CP expression in (425).

(B) Intersectional analyses of cKO-E differentially expressed genes with VZ- and CP-
enriched genes. 5 NPC-enriched genes (green) were significantly altered in cKO-E
compared to control. In contrast, 35 CP-enriched genes (blue) significantly
downregulated in cKO-E. Hypergeometric analysis revealed that NPC genes were not
affected at a rate higher than chance whereas neuronal genes were differentially
expressed at a rate inconsistent with random likelihood (hypergeometric test, Bonferroni
correction, a = 0.025).

(C) Schematic illustration of neuronal deletion of Arid7a mediated by Neurod6°re.

(D) Volcano plot of unique molecular identifier (UMI) RNA-seq data comparing E15.5
cortex of cKO-N (n=6 animals) to ctrl littermates (n=4 animals). Although cKO-E
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displayed dysregulation of neuronal genes, none of the cKO-E differentially expressed
genes were altered in cKO-N. All were reduced to insignificance and are illustrated by
black dots.

(E) Visualization of cKO-E differentially expressed genes fold change in cKO-E versus
ctrl (blue) and cKO-N versus ctrl (red). The fold-change of the vast majority of cKO-E
differentially expressed genes was rescued in cKO-N. Of the few genes that don’t show
a restoration to a logz(fold change) near 0, none were significantly altered in cKO-N
versus ctrl based on false discovery rate (FDR) calculation using the Benjamini-
Hochberg procedure.

CP: cortical plate, DEX: differentially expressed, Hp: hippocampus, IZ: intermediate
zone, LMD: laser microdissection, Ln: layer n, Nctx, neocortex, NPC: neural progenitor
cell, SP: subplate, SVZ: subventricular zone, UMI: unique molecular identifier, VZ:
ventricular zone
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NPC deletion of Arid1a selectively disrupts subplate neuron transcriptome

Deletion of Arid1a from NPCs in cKO-E disrupted the establishment of neuronal
transcriptome. Arid71a is ubiquitously expressed and could therefore be impacting all
neuronal types. Alternatively, Arid1a in cKO-E could play a surprising cell type-specific
role in neuronal gene expression. The bulk RNA-seq performed on ctrl and cKO-E
cortices does not directly enable uncoupling of the two possibilities. To circumvent this
limitation, | intersected downregulated genes in cKO-E with existing single-cell RNA-seq
(scRNA-seq) from E14.5 wildtype cortex (426) and examined gene expression at the
level of single cells. Unsupervised hierarchical clustering of gene expression profiles
revealed that of the 91 downregulated genes in cKO-E, 46 were highly co-expressed at
the level of single cells (cluster 1) (Figure 3.3 A). Importantly, this highly correlated
pattern of gene expression was confirmed using an orthogonal scRNA-seq dataset from
E14.5 wildtype cortex (427). Remarkably, this additional dataset revealed strong
coexpression of 56/91 cKO-E downregulated genes (cluster A), including all 46
previously identified in cluster 1 (Figure 3.3 D). These data strongly suggest that Arid7a

deletion in cKO-E selectively disrupted the transcriptome of a specific cell type.

To unbiasedly determine what cell type was selectively affected by Arid1a
deletion in cKO-E, | sought to investigate spatiotemporal gene expression in various
brain regions. To this end, | utilized a rich data set from the Allen Brain Atlas which
contains gene expression information from 1,200 different brain subregions (428). |
intersected the 46 genes in cluster 1 with these 1,200 areas using Enrichr (429).
Surprisingly, cluster 1 genes were only significantly overrepresented in six different

groups (Pag<0.01): 1) Layer 6b of dorsal anterior cingulate; 2) Layer 6b of prelimbic
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area; 3) Layer 6b of ventral anterior cingulate; 4) superficial stratum (CP/MZ) of
presubiculum; 5) superficial stratum (CP/MZ) of cerebral cortex; and 6) Layer 6b of
cerebral cortex (Figure 3.3 B). Surprisingly, of these six, four were layer 6b, alternative
nomenclature for SP. Four additional datasets were used for orthogonal validation of
cluster 1 gene expression in SP: microdissection and microarray of E15.5 wildtype SP
(420), Genepaint E14.5 RNA in situ hybridization (430), Gene Expression Nervous
System Atlas (GENSAT) E15.5 EGFP transgene expression data (431), and Projection

type-specific RNA-seq from E15-P1 (432) (Figure 3.3 C, D, and F).

In E15.5 wildtype, 17/46 cluster 1 genes were selectively expressed in SP based
on microarray (420). E14.5 in situ and E15.5 transgene data from Genepaint and
GENSAT, respectively, further confirmed subplate-specific or subplate-preferenced
expression of multiple cluster 1 genes (430, 431). Cluster 1 genes were also
significantly enriched in neurons projecting in a corticothalamic (CTA) or broader
corticofugal manner (CTA group 6, Phype=3.01e-9; corticofugal group 11, Phyper=4.42e-
12, Hypergeometric test with Bonferroni correction, a=0.00238), but not in other cell
types (e.g. callosal projection neuron [CPN] and corticospinal tract neuron [CST]) (432).
Additionally, genes in clusters 2 and 3 were not significantly enriched in any cell types.
Although SPNs were not directly identified in this dataset, SP marker expression in
these CTA group 6 and corticofugal group 11 consistently overlapped with E15.5
wildtype microarray data. Together, these analyses uncovered a cell type-specific and -

selective alteration to SPN transcriptome following Arid1a in cKO-E.
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Figure 3.3 Selective disruption of subplate neuron gene expression following
Arid1a deletion

(A) Intersectional analysis of cKO-E significantly downregulated genes with single cell
(sc)RNA-seq data from wildtype embryonic forebrain (426). Unsupervised hierarchical
clustering revealed a cluster of 46 downregulated genes (cluster 1) that are highly co-
expressed at the level of single cells, suggesting that they may be expressed from one
cell type.

(B) Intersectional analysis of the 46 genes in cluster 1 with a spatiotemportal gene
expression dataset covering over 1200 brain subregions (428). Cluster 1 showed a
significant overrepresentation of genes selectively expressed in cortical layer 6b. Layer
6b is alternative nomenclature for subplate.

(C) Subplate expression of cluster 1 genes was further confirmed by E14.5 in situ
hybridization data from the Genepaint database and E15.5 EGFP transgene expression
data from the GENSAT consortium (430, 431).

(D) Intersectional analysis of cKO-E downregulated genes (FDR < 0.01) with single-cell
RNA-seq from wildtype E14.5 cortex (427) revealed a cluster of 58 genes highly co-
expressed in single cells (cluster A). Cluster A encompassed all 46 genes from cluster 1
(426), providing orthogonal support that gene expression was preferentially affected
within a specific cell type in cKO-E.
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(D) Intersection of cKO-E downregulated genes in cluster 1 (426) with cell type-specific
RNA-seq data (432) revealed overrepresentation of corticothalamic group 6 and
corticofugal group 11, which likely comprise subplate neurons based on marker
membership, but no overrepresentation of other cell types (e.g. CPN, CST).
Intersectional analyses of cluster 2 and 3 genes revealed no overrepresentation of any
cell type (hypergeometric test, Bonferroni correction, a = 0.00238).

(E) Intersectional analyses with orthogonal datasets (428, 432, 433) confirmed subplate
expression of genes in cluster 1.

CP: cortical plate, CPN: callosal projection neuron, CST: corticospinal tract, CTA,
corticothalamic, ctxfugal: corticofugal, MZ: marginal zone, SP: subplate
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Arid1a is necessary for subplate neuron orqganization and morpholoqy

Alterations in SPN gene expression in cKO-E likely lead to changes in SP
structure and/or function. To directly investigate the consequences of disrupted gene
expression on SPNs, | tested SP organization. The SP forms a dense band of neurons
situated below L6 in the cortex, abutted up against cortical WM. In PO ctrl, the SP can
be confidently differentiated with the neuronal marker RBFOX3 (NEUN), which revealed
SPNs organized in a distinct, tight band below L6 (Figure 3.4 A). However, in cKO-E,
RBFOX3+ SPNs appeared disorganized and comingled with L6 neurons. Additional
investigation of SPN-specific marker CPLX3 (140), revealed a striking difference
between ctrl and cKO-E SPNs (Figure 3.4 B). In PO ctrl, CPLX3+ SPNs were
continuous and formed a clean border between L6 and cortical WM. In cKO-E, there
were gaps in CPLX3+ SP and some CPLX3+ neurons were found residing within the
WM. Overall, cKO-E the CPLX3+ SPNs were more radially dispersed and scattered
(Mean CPLX3+ neuron radial dispersion: ctrl=59.20 ym, cKO-E=86.53 um, p=0.032,
two-tailed unpaired t test, n=3 animals/condition; Mean CPLX3+ neurons per 100 um?:
ctrl=0.1676, cKO-E=0.09774, p=0.027, two-tailed unpaired t test, n=3
animals/condition). These data strongly supported that, in cKO-E, disruption of SP

organization is coincident with alterations in SPN gene expression.
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Figure 3.4 Disrupted subplate organization following Arid7a deletion

(A) RBFOX3 immunostaining (black) on coronal sections of PO ctrl revealed a distinct
and organized subplate band positioned just beneath the cortical layers. In cKO-E, the
subplate band was less clearly defined and not distinct from cortical layers.

(B) CPLX3 immunostaining (green) on coronal sections of PO ctrl and cKO-E brains. In
ctrl, CPLX3+ subplate neurons were organized into a discrete, continuous band. In
cKO-E, the band of CPLX3+ subplate neurons was more dispersed and characterized
by gaps (asterisks). Some CPLX3+ cells were aberrantly positioned in white matter
(WM, arrow).

(C) Quantification of CPLX3+ subplate neuron radial dispersion revealed significant
subplate distribution in cKO-E (data are mean, two-tailed unpaired t test, n=3
animals/condition). (/) Quantification revealed a significant decrease in CPLX3+
subplate neuron density in cKO-E (data are mean, two-tailed unpaired t test, n=3
animals/condition).

SP: subplate, WM: white matter
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Impaired SP development and function can contribute to disruption of cortical
connectivity. Although CPLX3 immunostaining identified changes in PO SP, it cannot be
visualized until PO, thus precluding its utility to study embryonic SP. SP gene expression
changes and widespread axonal misrouting are present in cKO-E by E15.5. To assess
potential changes in embryonic SP organization that could impact cortical circuit wiring |
immunostained TUBB3 (TUJ1), a cytoskeletal marker that reveals neuronal layers
(Figure 3.5 A). In E14.5 ctrl cortex, strongly-labeled TUBB3+ cells were situated within
the SP, and processes were positioned horizontally within the IZ. In cKO-E, however,
TUBB3+ cells and processes extended into the CP, no longer providing clear
delineation of cortical grey and white matter. Additionally, during embryogenesis, L6 and
SPNs are both labeled by NR4A2 (NURR1) and SPNs express high levels of the
somatodendritic marker MAP2 in comparison to their CP counterparts (434). In E14.5
ctrl, NR4A2+/MAP2-high neurons were positioned in a distinct band between CP and
WM (Figure 3.5 B). MAP2+ dendrites projected apically, toward the pial surface in an
organized fashion. However, consistent with PO CPLX3 and RBFOX3, NR4A2+/MAP2-
high neurons in E14.5 cKO-E displayed abnormal clustering and gaps while appearing
to be intermixed with L6 neurons. Remarkably, although some MAP2+ dendrites
extended toward the pia in cKO-E, a multitude reached aberrantly back into the [Z

toward the ventricular surface.
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Figure 3.5 Embryonic subplate disruption in Arid1a cKO-E

(A) TUBB3 (TUJ1) immunostaining (white) on E14.5 ctrl and cKO-E sections. In ctrl,
TUBB3+ processes were horizontally organized in intermediate zone (I1Z) and subplate,
and radially organized in cortical plate (CP). In cKO-E, TUBB3+ axons became
defasciculated in intermediate zone, and invaded cortical plate diagonally.

(B) MAP2 (red, black) and NR4A2 (cyan) immunostaining on E14.5 ctrl and cKO-E
sections. In ctrl, MAP2+/NR4A2+ subplate neurons were organized within a clearly
delineated layer below cortical plate. In cKO-E, subplate neurons were characterized by
abnormal clustering and cell-sparse gaps (asterisk). In cKO-E, misoriented MAP2+
dendrites aberrantly projected ventrally into intermediate zone (red arrowheads, inset).

CP: cortical plate, I1Z: intermediate zone, Ln: layer n, MZ: marginal zone, SP: subplate
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To unequivocally confirm that these defects were present in embryonic SPNs, |
generated ctrl and cKO-E mice containing the Tg(Lpar1-EGFP) transgene, which
expresses EGFP specifically in a subset of SPNs beginning around E15.5 (139, 431).
Importantly, at both E16.5 and PO, Lpar1-EGFP-labeled SPNs were altered in cKO-E
(Figure 3.6 A and B). Not only were there gaps and clusters of SPNs, but many were
present within the developing WM. Alterations were also apparent in PO cKO-E SP;
Lpar1-EGFP-positive neurons were consistently found outside the presumed SP in WM
as interstitial neurons. These deficits are likely broadly applicable to SPNs, as two
subtypes of SPNs (CPLX3-positive and Lpar1-EGFP-positive) were disrupted and
ARID1A is found in comparable levels in Lpar1-EGFP-positive and surrounding Lpar1-
EGFP-negative SPNs (Figure 3.6 C). Thus, Arid7a deletion in cKO-E not only impacted

SPN transcriptome, but also SP organization beginning during corticogenesis.
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Figure 3.6 Loss of subplate organization following Arid7a deletion

(A) RBFOX3 (NEUN) immunostaining (magenta) on E16.5 ctrl and cKO-E brains
carrying the Lpar1-EGFP transgene. In cKO-E, Lpar1-EGFP+ subplate neurons (green,
black) were characterized by cell-sparse gaps (asterisks) and a few Lpar1-EGFP+
neurons were aberrantly positioned in the intermediate zone (arrows).

(B) RBFOX3 (NEUN) immunostaining on PO ctrl and cKO-E brains carrying the Lpar1-
EGFP transgene. In cKO-E, RBFOX3+ (magenta) and Lpar1-EGFP+ (green, black)
neurons were not tightly organized into a discreet, continuous subplate band beneath
the cortical plate. Lpar1-EGFP+ neurons were positioned in white matter (WM, arrows).

(C) ARID1A (red) immunostaining of subplate PO ctrl with Tg(Lpar1-EGFP). ARID1A
was present in Lpar1-EGFP+ (green) and surrounding RBFOX3+ (blue) subplate
neurons in indistinguishable levels.

|Z: intermediate zone, SP: subplate, WM: white matter
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Broad identification of SPNs established impaired SP organization in cKO-E. |
sought to assess the development of SPN morphology at a single-neuron resolution. To
achieve this, | utilized a CRISPR-Cas9-strategy to produce a double-strand DNA break
at the C-terminus of the cytoskeletal gene Actb while providing a repair template
containing a 3xHA epitope tag flanked by gRNA target sequences (87). Successful
cleavage by Cas9 in tandem with non-homologous end joining repair incorporation of
the repair template in the forward orientation and in-frame with Actb results in
expression of ACTB-3xHA. Notably, non-homologous end joining is an imperfect repair
method, and thus provides the potential for out-of-frame and/or reversed integration of
3xHA, thereby supporting an optimal approach for sparse, whole-neuron morphological
analyses. To utilize this assay and label SPNs in vivo, | used IUE to introduce CRISPR-
Cas9, repair template, and CAG-mTagBFP2 to NPCS at E11.5, during the peak of SP
genesis (Figure 3.7 A). By E16.5, SPNs were precisely- and extensively labeled with
mTagBFP2. In ctrl mTagBFP2+ neurons formed a distinctive SP band at the base of the
CP (Figure 3.7 B). However, in cKO-E, SPNs were aberrantly clustered and
disorganized similar to what was observed with CPLX3, MAP2/NR4A2, and Lpar1-

EGFP.

SPNs have diverse morphologies which have been well-described in over the
past 50 years, although embryonic morphologies are less characterized (256-258, 435).
In E16.5 ctrl, ACTB-3xHA labeled SPNs were optimally sparse and displayed a variety
of morphologies, including pyramidal, bipolar, and multipolar (Figure 3.7 C). They had
numerous projections and many presented with lengthy axonal extensions. By contrast,

HA+ SPNs in cKO-E also took on disparate morphologies, however, they largely did not
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resemble the classical pyramidal, bipolar, and multipolar classifications (Figure 3.7 D).
In addition, the axonal outgrowth was visibly minimized and some HA-labeled SPNs
extended ventrally-directed dendrites, reminiscent of MAP2 immunostaining. Although
SPNs diverged in cKO-E compared to ctrl, pyramidal neurons were largely
indistinguishable. Both control and cKO-E HA-labeled pyramidal neurons had consistent
orientation of apically-oriented dendrites, they were not significantly different from one
another (Mean absolute value of apical dendrite orientation angle: ctrl=4.47°, cKO-
E=4.81°, p=0.742, two-tailed unpaired t test, n=14 neurons/condition) (Figure 3.8).
Together broad and sparse analyses of neuronal organization and morphology, in
tandem with transcriptomic analyses revealed a cell type-dependent function for Arid7a

during cortical development.
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Figure 3.7 Arid1a deletion drastically disrupts subplate neuron morphology

(A) Schematic illustration of sparse subplate neuron labeling by in utero genome editing.
A DNA break was induced by CRISPR-Cas9 within the coding region of Actb near the
C-terminus. A reporter repair template was designed such that correct DNA repair
would lead to expression of ACTB-3xHA. CRISPR-Cas9, reporter repair, and
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mTagBFP2 expression constructs were co-transfected into cortical NPCs at E11.5 by in
utero electroporation (IUE). Electroporated brains were analyzed at E16.5.

(B) In electroporated E16.5 brains, mTagBFP2 (cyan) was successfully targeted to
subplate neurons. In cKO-E, labeled subplate neurons showed disorganization with
abnormal cell clusters (arrows) and cell-sparse gaps (asterisks).

(C) HA immunostaining (green) revealed the complete morphology of sparsely-labeled
subplate neurons. Neurons were reconstructed based on confocal Z-stacks. Dendrites
are indicated in black. Axons are indicated in blue. In cKO-E, some neurons were
characterized by a dendrite ventrally directed into the intermediate zone (red
arrowheads).

(D) Quantification of subplate neuron morphological subclasses.

CP: cortical plate, IZ: intermediate zone, MZ: marginal zone, SP: subplate
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Figure 3.8 Unaltered pyramidal neuron morphology following Arid71a deletion

(A) Morphological analysis of ACTB-3xHA-tagged pyramidal neurons at E16.5. No
robust morphological differences were found between cKO-E and ctrl pyramidal
neurons.

(B) Quantitative analysis of pyramidal neuron apical dendrite orientation at E16.5. No
significant difference in apical dendrite orientation was found between cKO-E and ctrl (p
= 0.74, two-tailed unpaired t test, n=14 neurons/condition).
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Impaired subplate neuron projections and extracellular matrix following Arid1a deletion

SPNs extend the first axons corticofugally and can exert non-cell autonomous
influence while communicating with other developing circuitry. Once descending SP
axons extend across the PSB, they convene with ascending TCAs within the
subpallium, shake hands and cofasciculate, and guide each other to form reciprocal
connections as posited in the “handshake hypothesis” (417, 436, 437). In cKO-E, SPNs
were disrupted in their transcriptome, organization, and morphology, coincident with
disruption of disruption of thalamocortical circuitry, specifically improper crossing of the
PSB, premature invasion of the CP, and loss of sensory whisker barrels. Pioneering
work ablating the developing SP in fetal cat with kainic acid-mediated excitotoxic lesion

revealed impairment of thalamocortical connectivity (303-305).

To visualize SP axons and their potential interactions with cortical afferents, |
used Tg(Golli-tau-EGFP) transgene which expresses TAU (t1)EGFP in SP and L6
neurons (438, 439). In E15.5 ctrl, an abundance of tEGFP+ axons had already
extended across the PSB and were situated within the internal capsule (Figure 3.9).
These tEGFP+ corticofugal projections were closely apposed to NTNG1+ TCAs, which
had extended out of the thalamus and across the telencephalic-diencephalic boundary
into the striatum, consistent with previously described cofasciculation. In striking
contrast, in cKO-E, tEGFP+ innervation of the subpallium was severely attenuated and
there was a near complete lack of cofasciculation with NTNG1+ TCAs. By E17.5, the
distinction between ctrl and cKO-E was even more evident. There was extensive
cofasciculation of tEGFP+ and NTNG1+ axons in ctrl, but still minimal close interactions

in the subpallium of cKO-E. Notably, in PO cKO-E, some NTNG1+ TCAs appeared to
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follow aberrant trajectories laid down by tEGFP+ SP axons and NTNG1+ axons lacking
close interaction with tEGFP+ projections were misrouted. Misrouted TCAs were unable
to cross the PSB at their normal location, appeared to hit a wall and instead took a more
medial route into the cortex, became defasciculated in the 1Z, and prematurely invaded
the CP. Importantly, TCA disruption was not observed in cKO-E at E13.5, prior to PSB
crossing (Figure 3.10). These data were in agreement with the “handshake hypothesis,”
and strongly suggested that the “handshake” directs reciprocal SP/thalamocortical

growth.
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Figure 3.9 Arid1a deletion attenuates subplate-thalamocortical “handshake”

(A) Schematic illustration of subplate-thalamocortical interaction in the subpallium.

(B) NTNG1 immunostaining (magenta) on E15.5 (B) and E17.5 (C) ctrl and cKO-E
brains carrying the Golli-tEGFP transgene. In E15.5 ctrl, tEGFP+ (green) descending
axons from subplate neurons closely co-fasciculated (solid arrowheads) with ascending
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NTNG1+ thalamocortical axons (magenta). In E15.5 cKO-E, tEGFP+ axons largely
have not crossed the pallial-subpallial boundary (PSB). NTNG1+ thalamocortical axons,
without co-fasciculation with tEGFP+ axons (open arrowheads), did not cross the PSB
along the normal trajectory and formed an aberrant bundle parallel to the boundary
(solid arrow) in cKO-E.

(C) In E17.5 ctrl, analysis of co-fasciculation (insets) revealed frequent co-fasciculation
(red arrowheads) of tEGFP+ and NTNG1+ axons, which is consistent with the
“‘handshake hypothesis™. In E17.5 cKO-E, most NTNG1+ thalamocortical axons did not
co-fasciculate with tTEGFP+ corticothalamic axons (open arrowheads) and were unable
to cross the PSB (solid arrows).

Nctx: neocortex, Th: thalamus
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Figure 3.10 Temporal onset of thalamocortical misrouting following Arid1a
deletion

NTNG1 immunostaining (black) on coronal sections of ctrl and cKO-E. At E13.5,
NTNG1+ thalamocortical axons had not crossed the PSB in ctrl. In cKO-E,
thalamocortical axons had not shown any misrouting deficits. At E14.5, thalamocortical
axons abundantly crossed the PSB in ctrl. In cKO-E, thalamocortical axons had started
to show characteristic misrouting and defective crossing of the PSB (arrow).

PSB: pallial-subpallial boundary
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One of the main non-cell autonomous influences of SPNs in circuit wiring is via
axon-axon interactions with thalamocortical neurons put forward in the “handshake
hypothesis” (417). SPNs also secrete various ECM proteins that coalesce form a
discrete corridor housing growing axons and migrating GABAergic interneurons (289,
292, 440). The CSPG-rich SP ECM is thought to guide developing axons, and TCAs
pause within this corridor during their “waiting period” before extending into the CP at
E18.5, around the same time the ECM corridor is diminished. In E15.5 and 16.5 ctrl, the
CSPG+ ECM corridor is clearly delineated throughout the mediolateral extent of the SP
and filled with NTNG1+ TCAs (Figure 3.11). However, in cKO-E, CSPG was reduced
and the corridor appeared to collapse, it no longer created a continuous and apparent
trajectory for developing axons. Concomitant with ECM corridor disruption in cKO-E,
NTNG1+ TCAs were longer confined to the cortical WM and instead deviated from their
trajectory and prematurely invaded the CP. Together, analyses revealed deficits in SPN

morphogenesis, SP axon cofasciculation with TCAs, and SP ECM after Arid7a deletion.
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Figure 3.11 Disrupted subplate extracellular matrix following Arid1a deletion

(A) Schematic illustration of subplate ECM and thalamocortical ingrowth.

(B and C) CSPG (cyan) and NTNG1 (red) immunostaining on E15.5 (B) and E16.5 (C)
ctrl and cKO-E brain sections. In ctrl, NTNG1+ thalamocortical axons tangentially
traversed the embryonic cortex within a subplate/intermediate zone corridor neatly
delineated by the extracellular matrix component CSPG. In cKO-E, CSPG expression
was reduced and the CSPG corridor had collapsed. NTNG1+ thalamocortical axons
were not confined within the subplate/intermediate zone, deviated from their normal
trajectory, and prematurely invaded cortical plate (arrowhead).

CP: cortical plate, CTA: corticothalamic axon, ECM: extracellular matrix, IZ:

intermediate zone, MZ: marginal zone, Nctx: neocortex, SP: subplate, TCA:
thalamocortical axon, Th: thalamus
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Sparing Arid1a expression in subplate neurons is sufficient to restore callosal and

thalamocortical circuitry

My data revealed deletion of Arid1a altered SPN transcriptome, organization,
morphology, axonal projections, and ECM while simultaneously non-cell autonomously
disrupting callosal and thalamocortical circuitry. To empirically test the hypothesis that
SPNs mediate the axon guidance functions of Arid1a, | sought to determine whether
Arid1a expression in SPNs was sufficient to support axon pathfinding from cortical
neurons that lacked Arid7a. | therefore generated an Arid7a cKO using Tg(hGFAP-Cre)
(441). Tg(hGFAP-Cre) leverages the human GFAP promoter to express Cre specifically
in murine cortical NPCs beginning around E12.5 (441), after the majority of SPN have
been generated (Figure 3.12 and Figure 3.13). Therefore, Arid7a would be deleted
from NPCs and CP neurons, but SPNs would be spared. SP-spared cortical deletion of
Arid1a was confirmed by ARID1A immunostaining at E15.5 in Tg(hGFAP-Cre); Arid1a™f
(cKO-hG) (Figure 3.12 B). Importantly, Tg(hGFAP-Cre) mediated recombination
deletion from L6 neurons by E13.5, prior to their arrival in the CP, thus largely
uncoupling the effects of SPNs from their closely related L6 counterparts (Figure 3.13
C). By PO, ARID1A immunostaining across layers in cKO-E versus cKO-hG only
differed in SP (Mean ARID1A+ cells normalized to ctrl: SP: cKO-E=0.225, cKO-
hG=0.857, p=1.0e-4; L6: cKO-E=0.0797, cKO-hG=0.0775, p=0.88; L5: cKO-E=0.163,
cKO-hG=0.133, p=0.28; L2-4: cKO-E=0.227, cKO-hG=0.219; p=0.78, MZ: cKO-
E=0.889, cKO-hG=0.796, p=0.28, two-tailed unpaired t test, n=3 animals/condition),
confirming the utility of the Arid1a SP-spared model for testing Arid7a sufficiency in

circuit wiring (Figure 3.13 D).
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(A) Analysis of Tg(hGFAP-Cre)-mediated recombination. In E14.5 Tg(hGFAP-Cre),
analysis using the Cre-dependent reporter ROSAWTomato revealed an absence of
tdTomato (magenta) from the subplate (SP) band. Co-immunostaining revealed an
absence of tdTomato from RBFOX3+ (green) subplate neurons (arrowheads, inset),
which expressed ARID1A (cyan).

(B) Schematic illustration of subplate-spared cortical plate deletion of Arid7a. Emx1Cre
mediates Cre recombination in cortical NPCs starting at E10.5, prior to subplate
neurogenesis. ARID1A immunostaining (cyan) in E15.5 Emx1¢e*;Arid1a"" (cKO-E)
revealed loss of ARID1A from subplate and cortical plate neurons. Tg(hGFAP-Cre)
mediates Cre recombination in cortical NPCs starting at E12.5, after the majority of
subplate neurons have been generated. In E15.5 Tg(hGFAP-Cre);Arid1a™ (cKO-hG),
ARID1A was lost from cortical plate neurons, but present in subplate neurons.

CP: cortical plate, LGE: lateral ganglionic eminence, Ln: layer n, MZ: marginal zone,
Nctx: neocortex, SP: subplate, VZ: ventricular zone
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Figure 3.13 Spatiotemporal dynamics of Arid1a deletion with Tg(hGFAP-Cre)

(A) Schematic illustration of E13.5 and PO coronal sections with neocortical insets for
(B-D).

(B) In Tg(hGFAP-Cre) at E13.5, CRE (blue) was abundant in VZ NPCs, but not in
postmitotic neurons in IZ or PP.

(C) At E13.5, ARID1A (green) was widely expressed in ctrl cortex. In cKO-hG, ARID1A
was present in the PP, where future subplate neurons were located, consistent with a
sparing of subplate neurons by Tg(hGFAP-Cre). In contrast, ARID1A was absent from
migrating L6 neurons in 1Z and from NPCs in VZ.

(D) ARID1A immunostaining (white) on coronal sections of PO ctrl, cKO-E, and cKO-hG
brains. ARID1A was present in subplate (red lines) in ctrl and absent from subplate in
cKO-E. In cKO-hG, ARID1A expression was present in subplate, confirming sparing of
subplate neurons from Arid1a deletion. The loss of ARID1A expression from L2-6
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neurons, however, was not significantly different between cKO-E and cKO-hG (data are
mean, two-tailed unpaired t test, n=3 animals/condition).

Hp: hippocampus, IC: internal capsule, IZ: intermediate zone, Ln: layer n, MZ: marginal

zone, Nctx: neocortex, PP: preplate, SP: subplate, SVZ:. subventricular zone, Th,
thalamus, VZ: ventricular zone
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Pancortical deletion of Arid1a in cKO-E disrupted SP organization. In PO cKO-
hG, sparing Arid1a from deletion selectively in SPNs was sufficient to restore the
stereotyped RBFOX3+ SP band, and radial dispersion of CPLX3+ SPNs returned to
levels comparable to ctrl (Mean CPLX3+ radial dispersion: ctrl=74.5 ym, cKO-E=158.4
pm, cKO-hG=72.6 um, ctrl:cKO-E p=1.77e-3, ctrl:cKO-hG p=0.988, cKO-E:cKO-hG
p=1.57e-3, one-way ANOVA with Tukey's multiple comparisons test, n=3
animals/condition) (Figure 3.14 A and B). Thus, in cKO-hG, sparing SPNs from Arid1a

deletion led to correct anatomical formation of the SP band.

To determine whether SP-sparing in cKO-hG aided in restoration of cortical axon
tracts, | used the Cre-dependent fluorescent reporter ROSA©Tomato (Figure 3.14 B).
Remarkably, in cKO-hG, axons arising from tdTomato-labeled, Arid7a-deleted, CP
neurons correctly formed the CC and projected into the contralateral hemisphere (Mean
CC thickess mm, ctrl=0.269, cKO-E=0.000, cKO-hG=0.263, ctrl:cKO-E p=3.53e-7,
ctrl:cKO-hG p=0.223, cKO-E:cKO-hG p=3.59e-6, one-way ANOVA with Tukey’s multiple
comparisons test, n=3 animals/condition). Arid7a expression in cKO-hG SPNs was
therefore sufficient for normal SP organization and rescue of callosal agenesis observed

in cKO-E.
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Figure 3.14 Subplate-spared Arid7a is sufficient for callosal and thalamocortical
formation

(A) Subplate and axon tract analyses on PO ctrl, cKO-E, and cKO-hG brain sections.
RBFOX3 immunostaining revealed in cKO-hG an organized, distinct subplate band
positioned just beneath the cortical layers that was indistinguishable from ctrl. tdTomato
(magenta) was expressed Cre-dependently from ROSAdTomato enabling visualization of
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cortical axons. Agenesis of corpus callosum (open arrowhead) was observed in cKO-E.
However, the corpus callosum (CC) was formed without gross defect in cKO-hG (solid
arrowhead, n=3/3 animals/condition).

(B) Quantitative analyses revealed no significant changes in subplate thickness or
corpus callosum thickness at midline in cKO-hG compared to ctrl (data are mean,
ANOVA with Tukey’s post hoc test, n=3 animals/condition).

(C) Whisker barrels in cKO-hG primary somatosensory cortex were visualized by
cytochrome oxidase staining (CO, brown) on flattened cortices and NTNG1
immunostaining (green) on coronal sections. Whisker barrels were formed without
defect in cKO-hG (n=3/3 animals).

(D) Horizontal sections of PO ctrl, cKO-E, and cKO-hG brains carrying the Golli-tEGFP
transgene. Compared to ctrl, innervation of thalamus (Th) by tEGFP+ axons were
qualitatively reduced in cKO-E (open arrowhead), but not in cKO-hG (solid arrowhead).

CPu: caudate putamen, Nctx: neocortex, SP: subplate, Th: thalamus
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SP involvement in thalamocortical circuit wiring has been extensively described
over the past three decades. Concomitant with disrupted SP features in cKO-E, TCAs
were misrouted and sensory whisker barrel formation impaired. Remarkably, SP-
sparing of Arid1a in cKO-hG was sufficient to rescue SP projections to thalamus and
restore thalamocortical refinement. At P7, both CO staining on flattened cKO-hG
cortices and immunostaining of NTNG1 on coronal sections revealed typical
organization of barrel cortex, largely indistinguishable from ctrl, and extensive
innervation of thalamus by tEGFP-positive SP axons (Figure 3.14 C and D). Thus,
Arid1a expression in SPNs was sufficient for non-cell autonomous guidance of callosal

and thalamocortical targeting.

Although whisker barrels were restored in cKO-hG, | sought determine if this was
coincident with normal SP wiring functions. At E15.5 MAP2 immunostaining revealed
typical organization of SPNs mid-corticogenesis in both ctrl and cKO-hG (Figure 3.15
A). NTNG1+ TCAs extended through the subpallium and traversed the PSB to enter the
cortex while properly waiting within SP and not prematurely invading the CP. Correct
initial targeting of TCAs was coincident with extensive emergence of tEGFP+ across
the PSB and into the subpallium while thoroughly cofasciculating with NTNG1-labeled
TCAs in E15.5 ctrl and cKO-hG (Figure 3.15 B). The Arid7a-proficient SP in cKO-hG
also produced an elaborate CSPG-rich corridor, delineating a path for TCAs during their
“‘waiting period” below the CP (Figure 3.15 C). Therefore, despite absence of Arid7a
from CP neurons, SP Arid1a was sufficient for normal SP organization, SP axon-TCA
cofasciculation, and ECM. Consistent with these wiring functions, SP Arid7a sufficiently

enabled normal callosum formation, TCA targeting, and whisker barrel development.
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matrix in subplate-spared Arid7a deletion
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(A) Analysis of thalamocortical axons and subplate neurons in E15.5 ctrl and cKO-hG
cortex. In cKO-hG, NTNG1+ thalamocortical axons extended along a normal trajectory
across the PSB, without forming an aberrant bundle parallel to the boundary. Upon
reaching the cortex, NTNG1+ axons were correctly paused within subplate and did not
prematurely invade cortical plate in cKO-hG. MAP2 immunostaining (red) revealed in
cKO-hG subplate neurons that were organized within a continuous and clearly
delineated layer below cortical plate.

(B) NTNG1 immunostaining (magenta) on E15.5 ctrl and cKO-hG brains carrying the
Golli-tEGFP transgene. In cKO-hG, tEGFP+ (green) descending axons from subplate
neurons closely co-fasciculated (red arrowheads) with ascending NTNG1+
thalamocortical axons (magenta).

(C) CSPG (cyan) and NTNG1 (red) immunostaining on E15.5 ctrl and cKO-hG brain
sections. In cKO-hG, NTNG1+ thalamocortical axons travelled within a
subplate/intermediate zone corridor neatly delineated by the extracellular matrix
component CSPG in a manner indistinguishable from ctrl.

CP: cortical plate, MZ: marginal zone, SP: subplate
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Together, Arid1a cKO-E and cKO-hG supported identification of cell and non-cell
autonomous Arid7a functions during cortical development. In SPNs, Arid1a cell
autonomously established the transcription of SPN identity, thus giving rise to correct
SPN morphology, subpallial axons, and ECM. By regulating development of SPNs,
Arid1a non-cell autonomously controlled the wiring of callosal and thalamocortical
connectivities via the axon guidance roles of SP. Arid7a is thus a central regulator of
multiple SP-dependent axon guidance mechanisms essential to cortical circuit

assembly.

Discussion

Despite the central role of SPNs in cortical circuit assembly and their potential
contribution to neurodevelopmental disorders (311, 312, 442), they are relatively
understudied compared to their CP counterparts. Previous studies have focused on SP-
enriched genes (313, 433). Together, these studies have characterized important
molecular determinants of SPN specification, migration, and axon projection (141, 142,
144, 162, 163, 273, 421, 443), highlighting the complex genetic regulation required for
SP development. The severe axon misrouting phenotypes of SP ablation (303-305)
however, are not broadly recapitulated in these genetic mutants. And the mechanistic
underpinnings of the diverse circuit wiring functions of SPNs have remained largely
mysterious. Here, | leveraged cortical Arid1a deletion, which causes multiple axon
misrouting defects strikingly reminiscent of SP ablation, to gain mechanistic insights into
the non-cell autonomous wiring functions of SPNs in the assembly of cortical

connectivities.
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Cortical Arid1a deletion and previous experimental SP ablation (303-305, 308)
phenotypically converge on misrouted TCAs, which prematurely invade the cortical
plate and ultimately fail to innervate their L4 targets with correct topology. Disruption of
SP function is also known to cause defects in TCA crossing of the PSB (306, 419), an
impairment | observe following Arid7a deletion. Several aspects of SP function may
contribute to correct TCA pathfinding (444). First, the “handshake hypothesis” posits
that close co-fasciculation between the earliest descending SP axons and ascending
TCAs is important for guidance of both tracts and formation of reciprocal connectivity
(177, 288, 445). Following Arid1a deletion in cKO-E, SP corticofugal axons are
markedly reduced, and their co-fasciculation with TCAs is lost. Consistent with the
‘handshake hypothesis”, TCAs, in the absence of co-fasciculation, are impaired in their
crossing of the PSB, enter the cortex via a narrow medial path, and become
defasciculated and misrouted after entering the cortex. Second, SP is characterized by
a remarkably rich ECM (290, 446, 447), which can contribute to axon guidance by
interacting with growth cones and supporting guidance molecule signalling (442, 448-
451). During circuit formation, cortical afferent and efferent axons extend along a WM
corridor delineated by matrix component CSPG (289). Following cortical Arid1a
deletion, CSPG expression is reduced and the corridor collapses. Concomitantly, TCAs
become defasciculated in WM and prematurely invade cortical plate without waiting in
SP, a phenotype reminiscent of SP ablation (305). Notably, the sparing of SPNs from
Arid1a deletion in cKO-hG is sufficient to support both SP-TCA co-fasciculation and the
CSPG corridor and enables correct TCA pathfinding to their cortical targets. These

findings thus provide support that the roles of Arid1a in thalamocortical tract formation
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are centered on SPNs, and Arid1a-dependent SP CSPG and axon co-fasciculation
mediate TCA pathfinding. Interestingly, corticothalamic axons from cortical plate
neurons are largely intact following Arid7a deletion in cKO-E, despite reduction and
misrouting of SP-thalamic axons. Thus, | do not find an Arid7a-dependent pioneering
role for SP axons in guiding corticothalamic axons from subsequent cortical plate

neurons.

In addition to TCAs, intracortical axons are also markedly misrouted following
cortical Arid1a deletion in cKO-E. Unlike the better-known roles of SPNs in TCA
guidance, SP contribution to intracortical tract development is less established. Early
studies suggest that SPNs pioneer the CC formation by extending the first callosal
axons (257, 277, 278, 282). Some subsequent studies, however, find this possibility to
be unlikely (205, 276). In my study, | find that pan-cortical Arid7a leads to CC agenesis
and widespread mistargeting of intracortical axons. Sparse Arid71a deletion, however,
does not autonomously misroute callosal axons, indicating that callosal agenesis is a
non-cell autonomous consequence of pan-cortical Arid1a deletion. Remarkably, SP
expression of Arid1a, following SP-spared deletion in cKO-hG, is sufficient for formation
of the CC. Thus, | unequivocally establish that SP function is essential to callosum
development. | note that Tg(hGFAP-Cre) is active in indusium griseum and glial wedge
(217, 452). Thus, it is unlikely that Arid1a expression in these structures could
contribute to callosum formation in cKO-hG. Diverse developmental disorders are
characterized by agenesis or dysgenesis of CC (216). This study highlights a potential

contribution of SP dysfunction to callosal defects in disease.
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One barrier to molecular study of SP function is the lack of specific genetic
access to embryonic SPNs during critical stages of circuit wiring. Although several
published Cre lines show SPN specificity, the onset of Cre expression occurs too late
for study of circuit development (171). Here, | describe a genetic strategy to target
SPNs. Emx1¢ mediates gene deletion from all cortical NPCs, including those that give
rise to SPNs, whereas Tg(hGFAP-Cre) mediates deletion from NPCs after SPNs have
been generated. Importantly, Tg(hGFAP-Cre) mediates recombination in a majority of
L6 neurons, thereby enabling potential effects of SPNs to be uncoupled from closely-
related L6 neurons. By comparing “pan-cortical deletion” (Emx7¢re) versus “SP-spared
deletion” (Tg[hGFAP-Cre]), this approach enables interrogation of gene necessity and

sufficiency in SP-mediated circuit wiring.

Loss-of-function mutations in ARID1A are frequently found in human cancers and
the molecular functions of ARID1A in cancer cells are being unraveled (345). ARID1A
has been proposed to maintain transcriptional activity by recruiting EP300
acetyltransferase to enhancers (392) or by controlling chromatin accessibility (388). A
recent study, however, found that ARID1A depletion only modestly altered accessibility
and proposed that ARID1A maintains RNA polymerase pausing to enable robust
transcription during homeostasis (387). In cortical NPCs, | find that Arid7a deletion does
not confer a carcinogenic growth advantage. Instead, it leads to a selective disruption in
SPN gene expression. Despite ubiquitous ARID1A expression during cortical
development, the effects of Arid7a deletion is surprisingly cell type-dependent. A recent
study showed that Arid1b expression following Arid71a depletion is sufficient to partially

support BAF complex function (387). In cKO-E, the expression of Arid1b may have
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attenuated the effects of Arid7a loss from cortical plate neurons, thus contributing to SP-

selective deficits.

Recent human genetic findings have convergently implicated altered chromatin
function in disorders of brain development (318, 320, 321, 453). These studies have
identified loss-of-function mutations in ARID1A in intellectual disability, autism spectrum
disorder, and Coffin-Siris syndrome, a developmental disorder characterized by callosal
dysgenesis (395). The mechanisms by which chromatin dysregulation contribute to
brain disorders are an active field of study. An important implication of this work is that
deficits in SPNs may be an underappreciated contributor to neural circuit miswiring in
brain disorders associated with chromatin dysregulation. Like ARID1A, many chromatin
genes implicated in neurodevelopmental disorders are also broadly expressed (454). |
find a surprisingly cell type selective role for Aridia in cortical development,
underscoring the potential for cell type-specific functions by other broadly expressed
genes. In addition, | discover Arid1a-dependent, non-cell autonomous mechanisms in
the wiring of cortical circuits (Figure 3.16). This study thus highlights the possibility that
chromatin regulation can non-cell autonomously contribute to neural circuit development

and disorders thereof.
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Figure 3.16 Schematic summary of Arid7a-dependent cortical connectivity

(A) During embryonic cortical development, Arid1a is ubiquitously expressed.
Descending subplate axons (SPA, green) co-fasciculate with ascending thalamocortical
axons (TCA, magenta), a “handshake” interaction proposed to be crucial for reciprocal
connectivity between cortex and thalamus (Th). Subplate neurons secrete extracellular
matrix (ECM) components, including CSPG (cyan), which form a corridor for the
pathfinding of efferent and afferent axons. Upon reaching the subplate, TCAs undergo a
“waiting period” prior to invading cortical plate. During the first postnatal week, TCAs
extend into cortical layer 4 and form whisker barrels in somatosensory cortex.

(B) Following pan-cortical Arid71a deletion, TCAs (magenta) and callosal axons (blue)
are misrouted, and whisker barrel formation is disrupted. Descending subplate axons
are attenuated and their co-fasciculation with TCAs is absent. Without the “handshake”
interaction, TCAs are impaired in their crossing of the pallial-subpallial boundary. In
addition, the subplate CSPG corridor collapses and TCAs, upon reaching the cortex,
prematurely invade cortical plate without “waiting” in subplate. Thus, disruption of
subplate functions is concomitant with widespread axon misrouting in Arid7a cKO-E.

(C) Following subplate-spared cortical plate deletion of Arid7a in cKO-hG, subplate
expression of ARID1A is sufficient to support subplate axon co-fasciculation with TCAs
and subplate CSPG corridor formation. Remarkably, despite loss of ARID1A from
cortical plate neurons, the corpus callosum, and thalamocortical axons and whisker
barrels developed without defect. Thus, Arid7a plays crucial, non-cell autonomous roles
in cortical circuit wiring that are centered on the subplate.
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Conclusion

Here, | uncover precise genetic sufficiency in SPNs to direct cortical connectivity.
Arid1a-dependent cortical circuit wiring is based on a temporal necessity to establish
the neuronal transcriptome. This role is particularly intensified in SPNs and is correlated
with widespread control of features integral to broadly direct cortical connectivity. SP
characteristics historically tied to thalamocortical development, including “handshake”
and ECM, are dependent on Arid1a. Arid1a’s circuit wiring influence in corticogenesis is
centered on the SP. | introduce a new approach to assess genetic requirements and
sufficiency and established that SP Arid1a is sufficient to non-cell autonomously
orchestrate the formation of callosal and thalamocortical circuitry. Altogether, this work
suggests ubiquitous chromatin remodelers likely play underappreciated cell type-
specific roles in cortical development, and altered SP development has the potential to

be the crux of numerous developmental disorders.

Materials and Methods

Mice and mouse husbandry

All experiments were carried out in compliance with ethical regulations for animal
research. The study protocol was reviewed and approved by the University of Michigan
Institutional Animal Care & Use Committee. Mice were maintained on 12 hour day:night
cycle with food and water ad libitum. Mouse strains were previously generated and are
listed in Table 3.1. Date of vaginal plug was considered embryonic day 0.5. Genotyping
was performed with DreamTag Green 2x Master Mix (Thermo Fisher) and primers can

be found in Table 3.2.
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Immunostaining and imaqing

Brains were isolated and fixed in 4% PFA overnight at 4° C, embedded in 4%
agarose, and vibratome-sectioned at 70 ym. Free-floating sections were blocked and
immunostained in blocking solution containing 5% donkey serum, 1% BSA, 0.1%
glycine, 0.1% lysine, and 0.3% Triton X-100 (Triton X-100 was excluded from blocking
solution when immunostaining for CSPG). Sections were incubated with primary
antibodies in blocking solution overnight at 4° C and with secondary antibodies for 1h at
RT. Following secondary antibody staining, sections were mounted with VECTASHIELD
Antifade Mounting Medium (Vector Laboratories). Images were acquired using an
Olympus SZX16 dissecting scope with Olympus U-HGLGPS fluorescent source and Q-
Capture Pro 7 software to operate a Q-imaging Regia 6000 camera, an Olympus
Fluoview FV1000 confocal microscope with FV10-ASW software, or an Olympus
Fluoview FV3000 confocal microscope with FV31S-SW software. Images were
processed and quantified in Imaged and Adobe Photoshop. Primary and secondary

antibodies are listed in Table 3.3.

ClickSeq

RNA-seq libraries were generated by Click-Seq (422) from 600 ng of purified
neocortical RNA. Ribosomal RNA was removed from total RNA using NEBNext rRNA
Depletion Kit (NEB). ERCC RNA spike-in was included for library quality assessment
(Thermo Fisher). SuperScript Il (Invitrogen) was used for reverse transcription with 1:30
5mM AzdNTP:dNTP and 3 Genomic Adapter-6N RT primer
(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN). RNaseH treatment

was used to remove RNA template and DNA was purified with DNA Clean and
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Concentrator Kit (Zymo Research). Azido-terminated cDNA was combined with the click
adaptor oligo (/5Hexynyl/NNNNNNNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAGT
GTAGATCTCGGTGGTCGCCGTATCATT) and click reaction was catalyzed by addition
of ascorbic acid and Cu?*- with subsequent purification with DNA Clean and
Concentrator Kit. Library amplification was performed using lllumina universal primer
(AATGATACGGCGACCACCGAG), lllumina indexing primer (CAAGCAGAAGACGGCA
TACGAGATNNNNNNGTGACTGGAGTTCAGACGTGT) and the manufacturer's
protocols from the 2x One Taq Hot Start Mastermix (NEB). To enrich for amplification
products larger than 200 bp, PCR products were purified using Ampure XP (Beckman)
magnetic beads at 1.25x ratio. Libraries were analyzed on TapeStation (Agilent) for
appropriate quality and distribution and were sequenced at the University of Michigan

sequencing core on the lllumina NextSeq 550 platform (75 cycle, high output).

RNA purification and droplet digital PCR (ddPCR)

Neocortical tissue was microdissected from E15.5 mice. RNA was isolated by
resuspending the tissue in TRIzol, homogenizing with metal beads in a bullet blender,
isolating the aqueous phase following addition of chloroform and centrifugation for 15
min at >20,000g at 4°C, and eluting purified RNA with DNase/RNase-free water from a
Zymo Research Zymo-Spin IC column. Purified RNA was quantified using a Qubit
fluorometer. 1 pg of RNA was reverse transcribed using SuperScript Il (Invitrogen).
Probe sets (PrimeTime qPCR Probe Assays) from Integrated DNA Technologies were
utilized with diluted cDNA and the QX200 Droplet Digital PCR System (Bio-Rad) for
gene expression level analyses. The ddPCR reaction mixture contained template cDNA,

2xddPCR Supermix (No dUTP) (Bio-Rad), target probes with HEX fluorescence, and
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control probe against the house-keeping gene Srp72 with FAM fluorescence. Droplets
were generated with the QX200 droplet generator (Bio-Rad), thermocycled, and
analyzed using the QX200 droplet reader (Bio-Rad). Primers and probes for ddPCR can

be found in Table 3.4.

RNA sequencing data analysis

RNA-seq data were subject to quality-control check using FastQC v0.11.5
(https://www.bioinformatics.babraham.ac.uk/projects/download.html#fastqc). Adapters
were trimmed using cutadapt version 1.13
(http://cutadapt.readthedocs.io/en/stable/guide.html). Processed reads were aligned to
GENCODE GRCm38/mm10 reference genome
(https://www.gencodegenes.org/mouse/) with STAR(455) (v2.5.2a) and deduplicated
according to UMI using UMI-tools (456) (v0.5.3). Read counts were obtained with htseqg-
count (v0.6.1p1) with intersection-nonempty mode (457). Differential expression was
determined with edgeR (423). The P value was calculated with likelihood ratio tests and
the adjusted P value for multiple tested was calculated using the Benjamini-Hochberg
procedure, which controls false discovery rate (FDR). Sequencing results were
confirmed for 6 genes and normalized to the housekeeping gene Srp72 using droplet

digital PCR with primers and probes in Table 3.4.

Single-cell RNA-seq intersectional analysis

Single cell RNA-seq data were obtained (426, 427). To ensure consistency
between methods, unclustered data were clustered using standard t-SNE cell-based
clustering (458). Raw counts were normalized with K-nearest neighbor smoothing and a

Freeman-Tukey transform to improve the signal-to-noise ratio (459). Pearson product-
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moment correlation coefficients for gene expression were calculated using NumPy (460)

and plotted using seaborn (461).

Plasmid constructs and in utero electroporation

CAG-mTagBFP2 was generated by subcloning mTagBFP2 from mTagBFP2-
Lifeact-7 (462) (a gift from Michael Davidson, Addgene plasmid #54602) into pCAGEN
(463) (a qift from Connie Cepko, Addgene plasmid #11160). To make eSpCas9opt1.1-
Actb_ gRNA (87), a gRNA sequence targeting the c-terminus of the Actb coding
sequence (5-AGTCCGCCTAGAAGCACTTG) was cloned into eSpCas90pt1.1, which
expresses enhanced-specificity Cas9 and an optimized gRNA scaffold. To construct
Actb_NHEJ_ 3xHA (87), tandem HA tag sequences were cloned between 2 Actb gRNA
recognition sequences, to enable 3xHA insertion into the Actb gene following cutting of
the endogenous gene and the plasmid by Cas9. a mix of Actb_ NHEJ 3xHA,
eSpCas9opt1.1-Actb_gRNA, and CAG-mTagBFP2 each at 1 ug/puL was injected into
lateral ventricles. Plasmids were transferred to NPCs in the VZ by electroporation (five

45-ms pulses of 27 V at 950-ms intervals).

Cytochrome oxidase

Brains from P7 mutant and control mice were fixed for 2 h at RT in 4% PFA, and
the cortices were dissected off, flattened between two glass slides, and fixed overnight
at 4° C. Following fixation, flattened cortices were sectioned on a vibratome at 150 pm.
Sections were incubated at 37° C overnight in a solution containing 4 g sucrose, 50 mg
DAB (Sigma-Aldrich), 15 mg cytochrome C (Sigma-Aldrich) per 100 mL of PBS.

Sections were washed with PBS and imaged with an Olympus SZX16 dissecting scope.
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Statistical analyses

Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software).
Values were compared using a two-tailed, unpaired Student’s f test, ANOVA with
Tukey’s post hoc test, or hypergeometric test with Bonferroni correction. An a of 0.05

was used to determine statistical significance unless otherwise indicated.
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Table 3.1: Mouse strains used in this study.

ROSAthomato

at ROSA26 locus

Mouse Description ID Citation
STOCK Arid1g™"1%hwaj Floxed exon 8 of JAX# (385)
Arid1a" Arid1a 027717
B6.129S2-Emx1im1(cre)Ki Knock-in of IRES and | JAX# (397)
Emx1'RES-Cre Cre to Emx1 locus 005628
Neurod6™?(cre)kan Knock-in of Cre to MGI# (400)
Neurod6°™ Neurod6 locus 2668659
FVB-Tg(GFAP-cre)25Mes/J Transgenic line  with | JAX# (464)
Tg(hGFAP-Cre) hGFAP promoter 004600

driving Cre
STOCK Tg(Lpari1- Transgenic line EGFP | MGI# (431)
EGFP)GX193Gsat inserted following the | 4847204
Tg(Lpar1-EGFP) Lpar1 start codon
Tg(Mbp-MAPT/EGFP)#Eja Transgenic line with Golli | MGI# (438)
Tg(Golli-tau-EGFP) promoter driving tau- | 5433179

EGFP
B6.Cg-Gt(ROSA)?6Scrtm14(CAG- Cre-dependent JAX# (401)
tdTomato)Hze j expression of tdTomato | 007914
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Table 3.2: Genotyping oligos used in this study.

Gene Target | Oligo Name Sequence (5’ - 3’) Notes

Cre Cre-F TCGATGCAACGAGTGATGAG 500 bp for all Cre
Cre-R TTCGGCTATACGTAACAGGG lines used

Arid1a" Arid1a-F TGGGCAGGAAAGAGTAATGG WT =116 bp
Arid1a-R CACTGACTGGCGTGTTCAGA Floxed = 170 bp

Golli-tau- Golli-F AACATAGTATCCGCGCCCC Estimated about

EGFP Golli-R CCCCTGAGCATGATCTTCCA 350 bp
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Table 3.3: Primary and secondary antibodies used in this study.

Primary Antibody Company and product number Dilution
Mouse anti-TLE4 Santa Cruz Biotechnology sc-365406 1:250
Chicken anti-RBFOX3 Sigma-Aldrich ABN91 1:2000
Rabbit anti-CPLX3 Synaptic Systems 122 302 1:1000
Chicken anti-GFP Abcam ab13970 1:2000
Rabbit anti-GFP Invitrogen A-11122 1:1000
Sheep anti-GFP Bio-Rad 4745-1051 1:500
Mouse anti-TUBB3 Covance MMS-435P 1:1000
Rabbit anti-NR4A2 Santa Cruz Biotechnology sc-990 1:500
Chicken anti-MAP2 Novus Biologicals NB300-213 1:2000
Rabbit anti-tRFP Evrogen AB233 1:2000
Rat anti-HA Roche 11867423001 1:1000
Goat anti-Netrin-G1a R&D Systems AF1166 1:100
Mouse anti-Chondroitin Sulfate Sigma-Aldrich C8035 1:100
Rat anti-L1CAM Sigma-Aldrich MAB5272 1:1000
Guinea Pig anti-Cre- Synaptic Systems 257 004 1:500
recombinase

Rabbit anti-ARID1A Abcam ab182560 1:1000
Donkey anti-Chicken IgY (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 703-545-155

Donkey anti-Goat 1gG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 805-545-180

Donkey anti-Mouse IgG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 Affinipure 715-545-150

Donkey anti-Mouse IgM, p | Jackson ImmunoResearch Labs 1:250
chain specific, Alexa Fluor | 715-545-020

488 Affinipure

Donkey anti-Rabbit IgG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 711-545-152

Donkey anti-Rat 1gG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 488 AffiniPure 712-545-150

Donkey anti-Chicken IgY (H+L), | Jackson ImmunoResearch Labs 1:250
Cy3 AffiniPure 703-165-155

Donkey anti-Goat 1gG (H+L), | Jackson ImmunoResearch Labs 1:250
Cy3 AffiniPure 705-165-147

Donkey anti-Rabbit IgG (H+L), | Jackson ImmunoResearch Labs 1:250
Cy3 AffiniPure 711-165-152

Donkey anti-Rat 19G (H+L), Cy3 | Jackson ImmunoResearch Labs 1:250
AffiniPure 712-165-153

Donkey anti-Chicken IgY (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 647 AffiniPure 703-605-155

Donkey anti-Rabbit IgG (H+L), | Jackson ImmunoResearch Labs 1:250
Alexa Fluor 647 AffiniPure 711-605-152

Donkey anti-Rat IgG (H+L), Cy5 | Jackson ImmunoResearch Labs 1:250

AffiniPure

712-175-153
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Table 3.4: Droplet digital PCR primers used in this study.

Gene Primer_1/Primer_2 (5’ - 3’) Probe (5’ — 3’)

Target

Ablim1 ACAGACTTCGCTCAGTACAAC /56-FAM/ACTACCAGA/ZEN/
CCTCTGTCCATTCTCACTGC CCCTCCCAGATGGC/3IABKFQ/

Myo5b GTGACTCTTAACAACCTACTCCTG | /56-FAM/ACAGGCATG/ZEN/
AAGCCACTCTTCCAGTTGAC CAACTCAGGTACAACA/3IABFQ/

Lhx2 GCATCTGACGTCTTGTCCAC /56-FAM/TTTCCTGCC/ZEN/
CTCACCAAGAGAGTCCTCCA GTAAAAGGTTGCGC/3IABKFQ/

Tbr1 CCCGTGTAGATCGTGTCATAG /56-FAM/TTTAGTTGT/ZEN/
AGACTCAGTTCATCGCTGTC GTAATATCCGTGTTCTGGTAGGC/

3IABKFQ/

Tle4 ACTGACGTGAAAGGAGTATGC /56-FAM/ACATGCGAG/ZEN/
AGCCTATGGAAGATCACCTGT TGCCAGCAATACCT/3IABKFQ/

Zfpm2 TGGTTTGTCTGAATGGCTGT /56-FAM/CATCTGATT/ZEN/
GAAGACGTGGAGTTCTTTTGTAAC | CTGCTGGCTCCTGGAT/3IABKFQ/

Srp72 CTCTCCTCATCATAGTCGTCCT /SHEX/CCAAGCACT/ZEN/
CTGAAGGAGCTTTATGGACAAGT | CATCGTAGCGTTCCA/3IABKFQ/
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Chapter 4: Discussion

Overview

Wiring of cortical circuits depends on coordination of cell autonomous and non-
cell autonomous mechanisms. Disruption of these processes is associated with
neurodevelopment disorders, which have been increasingly linked to alterations in
chromatin remodeler function. Mutations in the chromatin remodeler ARID7A have been
associated with intellectual disability and erroneous circuitry. My dissertation work
sought to illuminate the mechanistic underpinnings by which Arid1a impacts the
fundamental establishment of brain circuitry. Importantly, | have also addressed cell
type-specific orchestration of developmental wiring. In Chapter 2, | uncovered
contrasting phenotypes resulting from conditional deletion of Arid7a from NPCs in the
developing cortex versus newly born postmitotic neurons. NPC deletion caused
widespread misrouting of callosal and cortical afferent projections in a surprising non-
cell autonomous way while corticofugal tracts were largely intact. However, neuronal
deletion was insufficient to recapitulate these aberrant trajectories. These analyses
narrowed the critical window for ARID1A necessity to include NPCs or extremely early
in postmitotic neurons to direct circuit formation. The non-cell autonomous nature of
these phenotypes suggested an attractive possibility that the ubiquitous Arid7a might

exert its influence in a cell type-specific way.

Chromatin remodelers are often considered correlative to their contributions in

autonomous events, such as transcription and DNA repair. In Chapter 3, | established
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that Arid1a was necessary for the establishment of the neuronal transcriptome,
specifically that of SPNs. Remarkably, SP gene expression changes were coincident
with broader changes in SP organization, morphology, projections, and ECM. SPNs
have long-standing links not only to cortical connectivity, but also to developmental
disorders, but the mechanisms are not fully understood. | introduced an original,
intersectional approach to assess SPN gene necessity and sufficiency. In doing so, |
revealed that despite Arid1a expression in all cortical cell types, its expression in SPNs
alone was sufficient to support both callosal and thalamocortical development.
Together, my work has identified a multi-faceted regulator of SPN functions in Arid7a,
provided additional support for SP involvement in thalamocortical targeting, identified a
surprising non-cell autonomous role for SPNs in callosal development, and established

a new method by which to broadly assess gene function in SPNs.

In Chapter 4, | build on each of these findings, putting them into the context of

our current understanding of brain development and considering the best steps forward.

Arid1a’s surprising cell type-specific role

Expression of Arid7a and its protein product is cellularly indiscriminate. Both are
widely, likely ubiquitously, expressed across tissues and cell types. My finding that
Arid1a exerts its major influences through a particular cell type, SPNs, during cortical
development may introduce more questions than it answers. In this section | will
recognize some of the remaining and new questions while speculating on possible

explanations.

First and foremost, in humans, heterozygous mutations in ARID1A are coincident

with neurodevelopmental phenotypes. Notably, these phenotypes often include partial
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to complete agenesis of the CC (465). However, in mice there were not clear
anatomical differences between conditional heterozygous and wild-type control mice.
This dose-dependent distinction between humans and mice when studying gene
knockouts is not restricted to Arid7a. Rather, studies of gene function during brain
development frequently necessitate homozygous conditional deletion in mice whereas
haploinsufficiency occurs in humans. There are many potential explanations for this
phenomenon that are worthy of further study. Briefly, not all mutations are equivalent.
Conditional deletion of Arid1a eliminates exon 8 and introduces a premature stop codon
(385). In this scenario, there could be nonsense-mediated decay or production and
stabilization of a truncated ARID1A. The antibody used in this study targets downstream
of the Arid71a deleted exon and will therefore not bind to truncated ARID1A. This leaves
room for partial function, potentially reducing the disruptive effects of Arid7a deletion.
However, this possibility is unlikely to contribute to species differences as human
mutations in ARID1A associated with Coffin-Siris syndrome are present from nearly the
N- to C-terminal extent (395). Thus, the dominant versus recessive variation in humans
versus mice may simply be a result of neocortical expansion and increased reliance on
chromatin control during corticogenesis. Importantly, ARID1A has orthologs spanning
vertebrate and invertebrate species, including those without SPNs (466). One way to
assess whether phenotypes are truly species-dependent is by generating mouse lines
harboring mutations found in ARID1A Coffin-Siris syndrome patients or replacement
with non-mammalian Arid1a orthologs (e.g. osa in Drosophila melanogaster) and

examining circuitry deficits.
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The second and third questions | will address go hand-in-hand: how is Arid1a’s
autonomous role largely restricted to SPNs and what makes Arid7a dispensable after
the first few hours following neuronal birth? ARID1A is a DNA-binding subunit critical for
BAF function, but it is not the only protein capable of performing this role. Instead, both
ARID1A and ARID1B are incorporated into BAF in a mutually exclusive manner such
that canonical or noncanonical BAF has either ARID1A or ARID1B. While both Arid1a
and Arid1b are expressed ubiquitously, their levels vary. Overall, ARID1A is present at
relatively higher levels than ARID1B in embryonic stem cells (467). During the cell cycle
ARID1A is rapidly accumulated early on, particularly in GO phase, and slowly reduced,
whereas ARID1B does not undergo robust changes in levels (467). Previous work
described Arid1b partially compensating in the absence of Arid7a. It's possible that this
same phenomenon occurs during brain development. One option is that, in response to
Arid1a deletion, ARID1B is upregulated and eventually sufficient. While RNA-
sequencing of E15.5 cortex in cKO-E versus control did not show a significant increase
in Arid1b, it is possible that the mechanism is transient earlier in corticogenesis or
based on posttranscriptional regulation. However, a compensatory increase in ARID1B
may not be quick enough to spare SPNs, the first progeny after Arid1a deletion from
NPCs in cKO-E. The half-life of nuclear ARID1A is around 75 minutes (468) and
coupled with the relatively low amount of ARID1B typically in stem cells (467), feedback
and ultimately production of sufficient ARID1B to support SP neurogenesis may be
insurmountable. Alternatively, while Arid7a is ubiquitous, it may have cell type-specific
binding partners directing BAF to the appropriate targets and supporting distinct

influences in SP versus cortical plate neurons. Additionally, Arid1a has previously
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shown a relationship with DNA topoisomerase Top2b (469), deletion of which also
impairs SPN development (470). Together, while it seems plausible that ARID1B may
partially compensate in the absence of Arid7a during brain development, it is not

unlikely that Arid71a has distinct roles and cell type-specific partners.

How might this relate to Arid71a’s seemingly unnecessary presence in postmitotic
neurons? In cKO-N, Arid71a deletion is mediated by Neurod6°¢, which is initially active
in preplate neurons by E12.5, within one day of their genesis (400). Although | did not
identify widespread gross abnormalities in cKO-N cortices, that does not preclude the
possibility that cKO-N may have deficits in synaptic connectivity like dendritic spines.
Alternatively, Arid1a’s neuronal expression may be unnecessary and simultaneously not

deleterious, with Arid7b leveraging more robust control.

Multiple questions remain regarding ARID1A function during brain development.
However, here | will focus one additional line of inquiry: what distinguishes Arid1a’s
postmitotic influence on callosal versus AC wiring? In cKO-E, both the CC and AC were
lost. By contrast, postmitotic deletion of Arid7a in cKO-N restored the CC and while the
AC was still notably absent. The CC originates largely from the neocortex with some
contribution from cingulate cortex and claustrum while the AC consists of three
branches, two particularly notable in this context: 1) the anterior branch, which has
projections connecting the anterior olfactory nucleus and the olfactory bulb; and 2) the
posterior branch, which originates from the piriform, entorhinal, ectorhinal, and temporal
cortices (471). The piriform cortex highlights an evolutionary distinction between the CC
and AC. In contrast to the six-layered neocortex, the piriform cortex is a three-layered

structure lateral to the neocortex and part of the evolutionarily ancient paleocortex
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present in reptiles. Interestingly, the AC is present across various mammalian and non-
mammalian species lacking a CC (471). Thus, while cortical NPCs give rise to neurons
in both the neocortex and piriform cortex, it is possible that Arid1a plays evolutionarily
divergent roles in paleocortical neurons compared to their neocortical counterparts

thereby influencing commissural circuit development by diverse mechanisms.

Dissecting temporal necessity for Arid1a

Ubiquitously expressed genes can perform diverse functions in distinct cell types.
In the developing cortex, we aim to differentiate contributions in NPCs versus
postmitotic neurons. My work utilized Emx1¢e to delete Arid71a from cortical NPCs near
the onset of neurogenesis (cKO-E), thereby affecting NPCs and their progeny. In doing
so, and by comparing with sparse deletion via IUE, | revealed a necessity for Arid1a in
non-cell autonomous orchestration of callosal and thalamocortical circuitry. However,
this method alone did not distinguish at what stage Arid7a was exerting its influence, in

NPCs or neurons.

Frequently, studies of cortical development rely on various Cre recombinase
lines to differentiate the gene requirements in NPCs versus postmitotic neurons. While
Emx1¢re is commonly used for NPC deletion, Neurod6¢e (Nexcre) is the field’s standard
for early postmitotic deletion in cortical excitatory neurons. Commonly, there is
occurrence of a phenotype in Emx1¢e-mediated deletion and its subsequent rescue in
Neurod6¢e-mediated deletion. This, in fact, is what | uncovered in Arid1a cKO-N; the
CC and thalamocortical whisker barrels formed properly and the transcriptome was
largely unchanged following postmitotic Arid7a deletion. Although this would suggest a

role for Arid71a in NPCs but not postmitotic neurons during cortical development, and
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this has often been the conclusion reported, the explanation is not so cut and dried.
While Neurod6¢r¢ is expressed shortly after neuronal birth, that does not mean that the
gene of interest is immediately absent and has no autonomous influence within
neurons. There are three additional considerations: 1) any protein retained by the
daughter neuron during cell division; 2) neuronal mRNA and associated protein

produced prior to Cre activity; and 3) protein half-life.

In the case of rescue in Arid1a cKO-N, these confounding factors can have
tremendous impact. First, while | have not directly identified ARID1A transference from
mother to daughter cells, ARID1A is present in M phase cells and thus may be initially
retained by daughter neurons following cytokinesis. The second and third
considerations can be addressed concurrently. Neurod6 is expressed quickly after
neuronal birth, and Cre activity occurs sufficiently early that neurons within the 1Z
display Cre-dependent fluorescent reporters. However, between the time of neuronal
birth and Cre activity, Arid1a can be transcribed. This provides a neuronal pool of
mMmRNA and subsequent protein to support function. Similar in embryonic stem cells,
ARID1A may be rapidly accumulated in newly postmitotic neurons as they enter a
terminal GO state. Coupled with its half-life previously mentioned (75 minutes in the
nucleus), this may allow ARID1A to stick around long enough to establish the chromatin
landscape in cKO-N neurons. This possibility is supported by ARID1A’s presence in
some neurons migrating through the 1Z, prior to their entrance into the CP. The currently
available tools do not enable us to discern between gene necessity in NPCs versus very

early in postmitotic neurons. Thus, suggestions of widely-expressed genes having NPC-
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specific roles during cortical development when using Neurod6C® to differentiate

neuronal effects should be interpreted with caution.

Distinct influences of chromatin remodeling during brain development

Studies of brain neuronal and circuit development over the last twenty-five years
have largely focused on transcription factors. However, transcription factors are unable
to properly function without access to DNA. Recently, chromatin organization and
remodeling has deservedly entered the spotlight. Much of this work is centered on
transcriptional regulation and DNA double-strand break repair. Arid1a provides a
window into the extremes to which chromatin remodelers influence developmental gene
expression and ultimately brain wiring. Our previous work with /no80 exemplifies the
importance for chromatin remodelers in DNA damage repair to support genome integrity
and ultimately neuronal production (87). However, it is important to remember that each
of these functions does not occur in isolation. Ino80 affects both DNA damage repair
and transcription. The major driver of developmental phenotypes is a lack of repair, and
thus apoptosis and microcephaly. Arid1a, however, is crucial for transcriptional
regulation that underlies cortical circuit development. Although Arid7a cKO-E did not
display microcephaly or Trp53 upregulation, it is important to consider that it may still
participate in DNA damage response. Consistent with this, ARID1A has been reported
to help recruit non-homologous end joining factors KU70 and KU80 (407) and is
extensively linked to cancer. While | did not identify any obvious cell death or
tumorigenic growths in Arid1a cKO-E, it is possible that disrupted DNA damage repair

could contribute to transcriptional dysregulation.
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Subplate-dependent wiring of brain circuitry

SPNs have been considered for prominent roles in development of intracortical,
corticothalamic, and thalamocortical connectivities for over fifty years. During
pathfinding of nascent circuits, SPNs are proposed to influence circuit development via
pioneering of corticofugal trajectories, “handshake” with TCAs, extensive ECM, and
transient synaptic connections. Although these interactions have been confirmed
numerous times, studying their contributions to brain development has proved

challenging.

SPNs send the first descending projections across the PSB, making them an
ideal candidate to participate in pioneering developing corticofugal circuits. As such, it
was previously thought they may be necessary for the formation of cortical efferent
tracts. However, developmental SP ablation does not lead to universal disruption of
corticofugal tracts (285). Rather, SP pioneering may be required to refine
corticothalamic projections into the lateral geniculate nucleus as well as corticotectal
axons (285). In my work, | did not find a necessity for Arid1a in broad targeting of
corticothalamic or corticotectal circuits. However, | did not examine the nuclei specificity
of corticothalamic projections or in depth the corticotectal tract. Differences between my
findings and SP ablation studies in cats could be a result of distinct molecular influences

of Arid1a or species differences in axonal trajectories.

SPNs contribute to the corticothalamic tract, which has reciprocity with ascending
TCAs. Thalamocortical circuits are thought to depend on early interactions with SP
axons. Nearing thirty-five years since its first publication, the “handshake hypothesis”

posits that descending SP axons and ascending thalamic axons meet in the subpallium,
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shake hands, and travel along one another to form reciprocal corticothalamic and
thalamocortical connections (417). Notably, while this “handshake” commences in the
subpallium of rodents, in primates TCAs cross the PSB prior to interacting with SP
axons (301). Numerous studies have identified defects in SP axon growth concomitant
with thalamocortical miswiring. For example, Lhx2 conditional knockout from either the
cortex or thalamus leads to a thalamocortical misrouting similar to Arid1a cKO-E (472,
473). While it has been suggested its cortical influence is based in NPCs, the data also
support the alternative interpretation that Lhx2 functions early in postmitotic neurons,
prior to effective protein loss after Neurod6¢® onset (473). Interestingly, while the
thalamocortical phenotypes are convergent, Lhx2 and Arid1a do not directly regulate
one another based on RNA-seq in conditional knockouts of each (302, 473). Despite
consistent implications, it is difficult to isolate the influence of SP axons as opposed to
other features, such as their organization and ECM, on thalamocortical circuit
development. In the same vein, although my findings clearly illustrate disrupted
subpallial interactions between SP and TCAs, there are also alterations in SP
organization and ECM. While convenient, it would be reductive to regard the
‘handshake” as the central tenant of thalamocortical innervation without adequately

decoupling the influences of individual SP characteristics.

Separate from their long-range connections, SPNs generate an elaborate ECM
composed of interconnected proteins including CSPGs (289, 291, 295, 408, 413, 474).
CSPGs are secreted from SPNs beginning early during fetal development to form a
corridor which cortical efferent and afferent projections grow through; the corridor can

be visualized by E13.5 in mice and gestational week 11 in humans (291, 292, 475).
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During brain development, it has been proposed that SP and its ECM are involved in
formation of sulci and gyri (246, 476) and axonal growth. CSPGs likely inhibit growth of
developing axons (477). Coincident with localization of the CSPG corridor, short-range
intracortical projections, callosal fibers (focused on in the next section), and TCAs
display potential “waiting periods” within the SP (263, 281, 294, 478, 479). Eventually,
projections enter the CP and form functional synapses or are selectively eliminated.
Although the SP ECM is thought to be crucial for the developmental wiring of cortical
circuits, its necessity has not been properly interrogated; specific elimination of SP
CSPGs has not yet been achieved. Additionally, the collaboration between the
‘handshake” and ECM during thalamocortical development is unclear. Disruption of
SPNs often affects both components, as in Arid1a cKO-E, and thus their influences
have not been decoupled. It is possible that, at least in rodents, SP-thalamocortical
‘handshake” is necessary for ascension across the PSB whereas the SP ECM curbs

premature invasion of the CP by TCAs.

During the arrival of thalamocortical fibers in the neocortex, they pause within the
embryonic SP. However, this period is not devoid of progress. In fact, SPNs have
numerous synaptic contacts and altering SP location is also sufficient to relocate the
initial thalamocortical synapses, supporting their importance during development (240,
260, 480, 481). Thalamocortical neurons require electrical activity during their “waiting
period” in the SP to innervate the proper cortical areas (482). While my work has
established multiple roles for Arid1a in SP features, its importance in their
electrophysiological characteristics is unknown. Together, SPNs orchestrate cortical

circuitry via carefully curated projections, ECM, localization, and synaptic contacts, each
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of which is likely necessary to mediate distinct aspects of incoming and outgoing fiber

growth.

Subplate contributions to callosal development

The largest WM tract within the brain is the CC, connecting the left and right
cerebral hemispheres. The neurons comprising the CC come largely from L2-3, with
some contribution from L5-6 and minor additions from the SP. While callosally-
projecting SPNs are present across lissencephalic and gyrencephalic placental
mammals, how they influence callosal development is unclear. Many studies have
supported the notion that the callosum is pioneered by deep cortical, but not SP,
neurons within the cingulate cortex. However, | uncovered a surprising influence of SP
Arid1a on callosal formation. In the absence of Arid1a the CC did not form, and instead,
presumptive callosal axons radiated dorsally toward the pia and did not form Probst
bundles. Sparing SP Arid1a was sufficient for midline crossing of callosal axons,
suggesting that while it may not interhemispherically pioneer, the SP non-cell
autonomously directs callosal circuitry. The mechanisms underlying this, however,

remain elusive. So how might SP support midline crossing of callosal axons?

One possibility is that, while SP axons may not be the first to cross the midline,
they extend pioneering axons toward the midline. Subsequent CP neurons then follow
them and utilize the glial scaffold to traverse. In the absence of early SP axons, CP-
derived projections may have no pathway to follow, and instead fail to round toward the
midline near the cingulum bundle. Rather, as seen in Arid7a cKO-E, they diverge from
their normal trajectories and invade the ipsilateral cingulate and retrosplenial areas with

radiating projections. Interestingly, this differs from oft described Probst bundles (220),
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which likely result from failed midline fusion or dysregulated midline glial structures.
Live-imaging studies may be poised to identify the neuronal identities of early

projections toward the midline rather than just those traversing the midline.

Alternatively, SP influence during CC formation might not be directly linked to SP
axons. Instead, callosal development may depend on SP-derived ECM for guidance.
While some work has shown a “waiting period” for callosal projections in the
contralateral SP, it's possible that the ipsilateral SP retains influence. Callosal axons
descend from neuronal somata and travel within the developing fiber tracts. During early
circuit wiring, these pathways are held within the CSPG-rich ECM as they travel toward
the midline. Given the inhibitory function of CSPGs, it is quite possible that the
ipsilateral ECM corridor restricts presumptive callosal axons from aberrantly exiting the
WM and guides it toward the midline. In the dissolution of the CSPG corridor (e.g.
Arid1a cKO-E), callosal projections may exit their normal appropriate paths and take the
road less traveled, aberrantly disrupting ipsilateral cortex. Altogether, and not
exclusively, SPNs may influence CC formation via early projections and ECM, both of
which are disrupted in Arid1a cKO-E. However, it may be difficult to distinguish between

the two possibilities as they often go hand in hand.

Molecular determinants of subplate function

SPNs play essential roles during cortical development and alterations have been
identified in ASD and schizophrenia. While they’re often easily distinguished by their
locations and morphologies, SPNs share similar gene expression profiles, especially
during fetal development, with their L6 neighbors. As a result, it has been difficult to

understand the molecular mechanisms underlying specific SPN functions. In Arid1a |
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uncovered a multifaceted regulator of multiple SPN features. At this stage, it is unclear
the mechanism by which Arid1a mediates SPN development. One possibility is that

Arid1a activates or acts in tandem with SP-specific genes.

In postnatal ages, SPNs can be clearly identified by their specific expression of
Ctgf and Cplx3 as well as some biased expression of Nr4a2 (Nurr1). Additionally,
Tg(Lpar1-EGFP) shows strong labeling of SPNs. Combinatorial analyses of these
markers in P1 and P8 mouse cortex has revealed a wide diversity of SPNs (139),
consistent with decades-old findings of distinct neuronal subtypes within the SP.
Interestingly, some of these neurons undergo apoptosis during the first postnatal week
in mice, and this appears to have at least some link to their gene expression profiles.
However, while these genes are often used to enable identification of SPNs, they are

largely not expressed sufficiently early to assess SPNs during early corticogenesis.

Tg(Lpar1-EGFP) begins to be expressed by SPNs around E14.5 in mice while
Nr4aZ2-positive cells span SP and L6. To further identify SP-specific or SP-biased genes
during embryogenesis, Oeschger et al. performed laser capture microdissection of the
SP zone at E15.5 and compared it to lower CP using microarray (420). Interestingly, the
embryonic SP is rich in four different cadherin genes (Cdh9, Cdh10, Cdh12, Cdh18) and
two protocadherins (Pcdh10 and Pcdh18). CDH12 also shows a SP-biased expression
pattern in embryonic marmoset (483), suggesting this expression pattern and potential
function may be conserved. Classical cadherins and protocadherins have been
previously linked to neuronal migration and identity (484-486). SP-specific expression of
cadherins and protocadherins could help direct early SP positioning and gene

expression. However, by E15.5, SPNs have already begun secreting their ECM,
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extending their projections, and making transient contacts with ingrowing axons. At this
point it is unclear whether SP gene expression at E15.5 is consistent with earlier ages
and if other transiently expressed factors may contribute to the most critical facets of

nascent SPNs.

Gene necessity and sufficiency in SPNs has also proved challenging to study.
Historically, multiple Cre lines have been identified for conditional deletion during
different stages from cortical NPCs (e.g. Emx7¢®), broad excitatory neurons
(Neurod6¢ and Tg[CamkZ2a-Cre]), and specific neuronal subtypes (Tg[Ntsr1-Cre] [L6],
Tg[Rbp4-Cre] [L5], and RorbC [L4]) (397, 400, 487-489). And while a couple Cre lines
have been identified that target SPNs with relative specificity, their onset occurs largely
during postnatal ages and is thus insufficient to study SPNs during corticogenesis. In
postnatal SPNs, Tg(Drd1-Cre) (also referred to as Tg[Drd1a-Cre]) colocalizes with both
CTGF-positive and CPLX3-positive neurons (171, 490). The Tg(Drd1-Cre) population
collectively projects to higher-order thalamic nuclei. Interestingly, this population does
not include Tg(Lpar1-EGFP)-positive SPNs. Unfortunately, Tg(Drd1-Cre) is not active in
the neocortex until postnatal ages, so although it shows SP specificity, it is unable to
contribute to embryonic study. Alternatively, Tg(Ctgf-Cre) has been thought a possibility
to study SPNs. And while Ctgfis used as a marker postnatally, Tg(Ctgf-Cre) appears to
be expressed more broadly during fetal development and thus is active in many more
cells than just SPNs (491). So how do we study genetic influence of SPNs during

embryonic development?

There is no current available tool to conditionally delete a gene only from SPNs

within hours of their birth. To circumvent this obstacle, | utilized a new approach; rather
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than testing gene necessity specifically in SP, an accessible alternative is to test cortical
gene necessity side-by-side with sufficiency in SPNs. Genetic deletion with Emx7¢re
enables gene knockout from cortical NPCs and the entirety of their progeny, including
SPNs and starting by E10.5, thereby testing gene necessity in the cortex. Frequently,
studies of cortical development also use an alternative Cre line. Tg(hGFAP-Cre), similar
to Emx1Cre, is active in cortical NPCs, but its activity onset occurs later, beginning near
E12.5. This delay coincidently precludes Tg(hGFAP-Cre) from affecting SPNs, but
subsequent NPCs and CP neurons are still impacted. Comparing conditional knockouts
using Emx1¢e and Tg(hGFAP-Cre) supports identification not only of cortical gene
necessity, but also of SP gene sufficiency, in brain development. This distinction is clear
in Arid1a cKO-E and cKO-hG. In Arid7a | leveraged this strategy to uncover a necessity
for cortical Arid1a in callosal and thalamocortical development, and a SP Arid71a-
sufficiency to support that circuit wiring. While some studies have utilized tamoxifen-
inducible Tg(Emx1-CreER2) (492) with induction following SPN genesis, this strategy is
can be problematic. Emx1 is expressed in postmitotic neurons in addition to NPCs, and
thus SPNs may still be affected even with delayed activation (493). As such, SP-
dependent mechanisms may still contribute to phenotypes in Tg(Emx71-CreER'?)-
mediated deletion even when tamoxifen is introduced after SPN generation. With the
currently available tools, the ideal strategy for testing SPN gene expression is likely via

sufficiency using Tg(hGFAP-Cre) compared to cortical necessity using Emx1¢re,

Future investigations
Overall, this work has yielded foundational insights into Arid7a function during

cortical development, and more broadly identified genetic mechanisms underlying SP

186



development, SP-dependent circuit wiring, and support for longstanding hypotheses.
Along the way have arisen novel questions and technical considerations to dive further

into the phenomena orchestrating brain development and function.

In Arid1a | uncovered widespread alterations to the SPN transcriptome,
coincident with disruption of morphology, projections, and ECM. Molecularly, there are
numerous questions that remain unanswered. First, it is currently unclear whether gene
expression changes in cKO-E are primary or secondary effects of Arid7a deletion. SPNs
are generated beginning at E11.5, therefore, RNA-seq at E15.5 may have missed the
inception of transcriptional dysregulation and rather featured changes indirectly related
to Arid1a. This question can and should be addressed in two orthogonal manners.
Earlier sequencing of cKO-E may provide evidence of initiation of transcriptomic
changes. Alternatively, the possibility remains that it will reveal compatible changes with
E15.5. In addition, continuous methodological advances have enabled more precise
and accessible mapping of DNA binding by proteins. ARID1A largely binds to AT-rich
regions, but its location profile in the developing cortex is unknown. To determine
whether ARID1A directly coordinates transcription of cKO-E differentially expressed
genes, CUT&Tag or CUT&RUN can be performed during early and mid corticogenesis.
Importantly, ARID1A CUT&RUN has been performed in other cell types highlighting the
feasibility (494). These experiments performed alongside the same in cKO-hG can
provide an intersectional approach to identify subplate-specific Arid1a dysregulation and

prioritize candidate genes downstream of Arid71a directing cortical development.

In addition, while Arid71a deletion clearly altered SPN transcriptome, bulk RNA-

seq was incompatible with specific examination of SPNs. The increased accessibility of
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single-nucleus RNA-seq tools provides an avenue to unbiasedly assess SPN
transcriptome without obstruction from similar gene expression profiles of their cortical
plate neighbors. Importantly, this methodology will also support distinction of
transcriptomic alteration onset in NPCs versus early postmitotic neurons. Collectively,
single-nucleus RNA-seq across multiple embryonic ages in control, cKO-E, and cKO-hG
mice can distinguish the onset and importance of Arid1a-dependent differential gene

expression contributing to altered SP development and cortical circuit wiring.

Importantly, ARID1A is not a requisite subunit of the BAF complex per se. While
each BAF composition includes an AT-rich binding protein, ARID1B can be incorporated
instead of ARID1A. The two have seemingly divergent roles, however, in some
scenarios it has been reported that their functions can be partially overlapping.
Mutations in ARID1B have also been increasingly implicated in neurodevelopmental
disorders including ASD and Coffin-Siris syndrome (318, 373), and linked to callosal
disruption (376), suggesting a critical role in brain development. While Arid1b has
largely been studied in interneuron development, it is possible that it can act as a
safeguard in the absence of Arid7a to support excitatory neuron development. Although
| do not find upregulation of Arid71b in Arid1a cKO-E, it remains a possibility that Arid1b
may compensate for its absence. Combinatorial investigation of Arid7b conditional
knockouts and Arid1a/Arid1b double mutants may reveal their overlapping and unique

necessities during neurodevelopment, and particularly any cell type-specific roles.

Numerous genes have been implicated in SPN development. Often, these
studies have utilized either constitutive or Emx7¢¢-mediated gene deletion. As none of

these genes have shown SP-specific expression, the resulting changes in cortical
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organization and/or connectivity cannot be conclusively dependent on SP function.
Importantly, use of cKO-hG highlights an opportunity to examine SP sufficiency of each
of these genes and should be considered for further study. As an example, Sox57 mice
show disrupted preplate splitting, changes in SPN identities, impaired neuronal identity
refinement, and altered cortical connectivity (141, 273). SOXS is present in subplate, L6,
and L5 early in embryogenesis. Whether SP Sox5 is sufficient to correct any of these
defects would provide additional support for its influence being centered on the SP. This
experimental design is broadly applicable to knockout of SP-expressed genes and has
the potential to refine our understanding of SPN development and mechanistic

coordination of brain circuits.

Deletion of Arid1a led to miswiring of thalamocortical and callosal circuitry,
concomitant with disorganized SPNs, ECM, and projections. These phenotypes
highlight multiple aspects of SP development that can contribute to circuit wiring, while
also failing to address others. The importance of each, however, remains unclear.
Going forward, Arid1a cKO-E and cKO-hG can serve as tools to assess SP-dependent

development, but underlying SP functions should be the focus in the immediate future.

First, TCAs interact in three distinct ways during early development: “handshake
hypothesis” with SP axons, “waiting period” with SP ECM, and transient synapses with
SPNs (413). In Arid1a cKO-E, both “handshake” and ECM are disrupted, with the status
of transient synapses unknown. Both features are corrected in cKO-hG and thus the
importance of each were not distinguished in this study. Second, non-SP callosal
projections travel in close proximity to interhemispheric SP axons. While SP axons are

not considered callosal pioneers, they may still influence its overall formation.
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Additionally, callosal axons travel within the SP ECM in the ipsilateral and contralateral
hemispheres. Thus, SP projections and ECM have the potential to influence

thalamocortical and callosal circuitry, so how do we distinguish the two?

Many studies have identified altered SP projections but, unfortunately, the ECM
is not frequently examined. While it is unclear how to impact SP axon growth while
leaving the ECM intact, the most prescient method to further define SP function in circuit
wiring is through ECM disruption. The SP ECM is rich in CSPGs, which have been
implicated as a repulsive force in axon growth, especially regeneration. As a result,
repeated progress has been made in optimizing chondroitinase ABC constructs that are
able to digest CSPGs thereby eliminating their influence (495, 496). Interestingly, a
recent preprint utilized chondroitinase ABC on E16.5 ex vivo slices to examine the
ECM’s influence on neuronal migration (497). However, CSPGs are not exclusive to the
SP. Instead, they are expressed throughout the cortical wall and enriched in the SP.
Thus, widespread application of chondroitinase ABC is insufficient to directly assess SP
ECM influence. To prioritize SP ECM and examine its influence on thalamocortical and
callosal circuit wiring, creative SP-specific expression of chondroitinase ABC can be
achieved with IUE with conditional genetics or generation of novel mouse lines.
Regardless, eliminating the SP ECM will enable the first steps toward identifying and
distinguishing the contributions of SP projections and ECM individually to brain wiring.
Together, these studies can be combined with evolutionary analyses to understand
conserved and species-specific features of SP neurons more adequately and how they

can coordinate corticogenesis and connectivity. Overall, a more in-depth analysis of SP
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features, even in the absence of genetic regulators, is necessary to make major

progress in understanding the bases of brain development and disorders thereof.

Concluding remarks

My dissertation work uncovered a surprising cell type-specific requirement for
chromatin remodeler Arid1a in directing cortical circuit formation. Ultimately, |
highlighted the frequently neglected SPNs as a major vessel for Arid1a’s developmental
influence in the formation of both thalamocortical and callosal connectivity. Importantly,
IUE for sparse Arid1a deletion confirmed the non-cell autonomous nature of Arid1a’s
circuit wiring influences. | uncovered a robust transcriptional role particularly in SPNs
with major impacts on SP organization, projections, and ECM. To reveal a SP
sufficiency for Arid7a in directing cortical connectivity, | presented a novel approach
using Tg(hGFAP-Cre) to compare Arid1a deletion from NPCs and CP neurons, sparing
SPNs, with pancortical deletion in cKO-E. Sparing Arid1a specifically in SPNs was
sufficient to non-cell autonomously restore both thalamocortical and callosal circuits,
while also autonomously enabling proper SP organization, projections, and ECM.
Together, this work unequivocally revealed a multifaceted regulator of SP features and
function in Arid1a, provide strong evidence for SP-dependent coordination of cortical
connectivity, and introduce a method by which to query SPN gene necessity and
sufficiency during cortical development. These findings raise further questions of which
aspects of SPNs direct distinct connectivities and how SP disruptions can contribute to

miswiring in developmental disorders.
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