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Abstract

Cortical development has been studied for many decades and with each passing year, we learn
more about the processes that govern the tightly regulated developmental program. Up until
recently, the field has struggled to gain reliable access to progenitors at the single-cell level,
limiting the resolution at which we can study cortical development in vivo. Therefore, much of
the data we have on mammalian cortical development is at the cell population level. The
subsequent pages of this thesis describe novel elements of cortical development in mice;
acquired using a candidate gene approach in conjunction with Mosaic Analysis with Double
Markers (MADM) to achieve single cell resolution. In this thesis, I briefly provide an overview
of the state of the field, describe the methodology used to quantify morphological
characteristics of neurons and glia, and delve into the role of Phosphatase and tensin
homologue on chromosome ten (Pten) in neurogenesis and gliogenesis in the developing mouse
cortex. By using MADM to generate genetic mosaics, in which only a small fraction of cells
are mutated, to study population-level changes, we can bypass the early postnatal lethality
reported in Pten conditional knockouts (cKOs) using Emx1-Cre. We used Emx1-CreERT? to
induce clonal deletion of Pten, and quantify RGP neurogenic output at the single progenitor
level. Pten-mutant neuron populations within the mosaics were significantly expanded. In the
latter parts of this thesis, we describe how Pten deletion leads to an increase in the abundance
of astrocytes. We availed ourselves of the flexibility offered by the MADM system to generate
Pten mosaics within a series of distinct knockout tissues to test for the interactions between
Pten and a battery of genes involved in distinct pro-gliogenic signaling pathways. Our survey
of Pten’s interactions with genes in key signaling pathways reveals that ERK1/2 are the critical
effectors downstream of EGFR signaling essential for gliogenesis. Altogether, our results
demonstrate that Pten plays critical and distinct roles throughout cortical RGP lineage

progression.
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1 Chapter 1 — Introduction

1.1 Thesis Outline

This thesis consists of one large project divided out into multiple chapters. The unifying aim is
to gain a clearer understanding of the molecular processes that govern cortical stem cell lineage
progression at single cell resolution using genetic mosaic analysis in the mouse cortex in vivo.
The first chapter provides a primer on the cerebral cortex and gives a broad overview of the
process of cortical development, as the field currently understands it. It also introduces the
MADM technology, a powerful genetic manipulation tool and a key method in the project as a
whole. The first chapter ends with an introduction of Pten, a potent tumor suppressor among
other biological functions. Pfen is the major gene of interest of this study.

The second chapter is an outline of the objectives of this thesis. I touch on the major

questions we pose and provide details regarding how we attempt to answer them.
The third chapter consists of a manuscript published in Methods in Molecular Biology, vol
2831. In it, we describe the methods we use for assessing neuronal morphology and spine
density using MADM. The chapter also covers the steps for quantifying astrocyte volume and
branching morphology. Such methods provide valuable insights into the morphological
complexity of diverse cell types in the brain.

The fourth chapter consists of unpublished data covering the role of Pten during cortical
neurogenesis in mice. Pten is a known tumor suppressor gene, and mutations in humans often
lead to a slew of intellectual deficits and oftentimes to macrocephaly. Given that Pten mutations
result in a larger brain, I expected that Pten plays a significant role in cortical stem cell lineage
progression. I used MADM genetic mosaic mice to precisely dissect the contributions of Pten
at the single progenitor level. I also used mice carrying tamoxifen-inducible Cre to understand
whether Pten controls clonal unit output using MADM.

The fifth chapter expands on the previous line of study to later stages of development
associated with gliogenesis. It is clear that Pten deletions often accompany glioma occurrence
in humans, but whether and how Pten plays a role in cortical gliogenesis during development
is still unclear. I extended the previous analysis using mosaic mice to study cortical astrocyte
clone size, astrocyte progenitor abundance, and to pin down the pathways contributing to
gliogenesis in normal and Pfen mutant conditions. All of this work was possible with the help

of lab technicians, interns, and rotation students under my supervision.



The sixth chapter wraps up the results in the thesis with a discussion. The discussion
puts into context all of the work contained within the body of this work.

The seventh and final chapter describes the methods used in the experimental portions
of this thesis. If a method originates from a previous publication, the publication is cited and

the method is summarized in brief to provide clarity for the reader.
1.2 The Mammalian Cerebral Cortex

The neocortex is evolutionarily the newest part of the brain, and is responsible for higher order
cognitive functions, sensory information processing, and consciousness. It is composed of a
large assortment of neuronal and non-neuronal cell types. The neuronal population can be
divided into two subclasses: excitatory pyramidal neurons and inhibitory interneurons.
Pyramidal neurons are born from a relatively limited pool of radial glia progenitors (RGPs) in
the ventricular zone (VZ) in the dorsal forebrain (Villalba et al., 2021). Pyramidal neurons
project intra-cortically and subcortically, functionally connecting distinct brain regions.
Inhibitory interneurons are born in the ganglionic eminences (GEs) from a distinct pool
of progenitors lining the ventricular wall. These multipotent progenitors sequentially produce
a diverse array of interneurons (Wamsley & Fishell, 2017) that later migrate tangentially to and
infiltrate the neocortex (Bandler et al., 2017). Tangential migration is a fascinating
phenomenon during which interneurons born in the GEs migrate from the ventral telencephalon
into the dorsal telencephalon during the last third of embryogenesis. Upon reaching the cortex,
interneurons switch from tangential to radial migration and distribute themselves throughout
the cortical laminae (Wamsley & Fishell, 2017). Interneurons function to modulate the local
activity of cortical pyramidal neurons. The mechanisms that orchestrate cell fate decisions and
govern the corticodevelopmental program remain poorly understood. Such processes are key
to understanding not only how our brains are constructed, but are also clinically relevant.
Cortical malformations arise from deviations from the nominal developmental program.
Cortical malformations like macrocephaly, lissencephaly, and microcephaly can bring with
them a series of complications such as epilepsy, Autism Spectrum Disorder (ASD), intellectual

disabilities, and can even be fatal (Barkovich et al., 2015; Kanekar & Gent, 2011) (Figure 1).



Normal Microcephaly Macrocephaly Lissencephaly

Figure 1. Most prevalent malformations of the neocortex.

Left to right: A normally developed cortex is comprised of gyri and sulci, expanding the surface area of the cortex
without increasing the size of the cranium. Aberrations resulting in microcephaly and macrocephaly perturb the
size of the cortex, without really altering the overall structures therein. Lissencephaly describes a brain without

the gyri and sulci found in normal brains, reducing the cortical surface area.

Microcephaly occurs when the entire brain is too small but is otherwise
morphologically normal. It can be caused by a wide array of conditions, both genetic and
environmental. A striking example of microcephaly can be seen in newborn babies of Zika
patients who became infected during pregnancy, most notably in Brazil (Qian et al., 2017).
Mothers bitten by mosquitos carrying the Zika virus were infected, along with their unborn
children. Adults experience flu-like symptoms, but the virus crossed the placental barrier, and
thus the developing embryo also acquired the virus. Studies using human pluripotent stem cell-
derived organoids have shown that the Zika virus can infiltrate the VZ, infect progenitors,
attenuate cell divisions, and result in cell death leading to an early depletion of the progenitor
pool and reduced organoid growth (Qian et al., 2016; Tang et al., 2016; Watanabe et al., 2017).
Early differentiation or progenitor death due to distinct genetic conditions can also lead to a
similar result, a depletion of the progenitor pool and an overall decrease in brain size.

Macrocephaly, on the other hand describes an abnormally large brain. Human patients
with macrocephaly frequently present with mutations to genes that when mutated are known
to cause this cortical malformation. Some such genes include Pten, Cdknlc, and Aspm (Chen
etal., 2015; Groszer et al., 2001; Hippenmeyer, 2023). Aspm is a crucial regulator of brain size,
and gain of function (GOF) mutations often lead to macrocephaly and ASD (Tsai et al., 2023).
A recent study found that Aspm GOF led to higher neuron density in the cortex and a greater
cortical area (Singh et al., 2025). They report that the increases neuron numbers originate from
an expanded secondary progenitor pool; they claim the progenitors resemble outer basal radial
glia (oRGs). Finally, they report hyperconnectivity across cortical areas in their GOF mice,

hinting at possible network level abnormalities that could help explain the high incidence of
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ASD in patients with ASPM mutations. Even with such detailed studies, we remain uncertain
about the processes that lead to macrocephaly at the single progenitor level, providing an
avenue for further research.

Gyrencephalic mammals have cortical folds that increase the cortical surface area to
optimize the limited volume provided by the cranium. Humans born without such folds have a
smooth, or lissencephalic, brain. Lissencephaly is the outlier from the three conditions
described in this introduction, since it is characterized by a change in gross brain topology and
not a change in size. One well-studied cause of lissencephaly is due to migratory defects in
nascent neurons that cannot properly complete their radial migration to the cortical plate
(Hansen & Hippenmeyer, 2020; A. H. Hansen et al., 2022; Hippenmeyer, 2014; Hippenmeyer
etal., 2010; Reiner et al., 1995). Lissencephaly-1 (LIS1) is a key component of a complex that
regulates nuclear migration (Morris, 2000), a process required by migrating neurons
(Hippenmeyer, 2014). Nuclear distribution gene E-like homolog 1 (NDEL1) associates with
LIST and a dynein motor protein (Niethammer et al., 2000; Sasaki et al., 2000). In 2010,
Hippenmeyer and colleagues reported that LIS1 mutation delayed cortical neuron migration,
but is not essential for migration. This finding confirms a similar function of Lis/ in mammals
as previous reports from Drosophila models (Liu et al., 2000). Curiously, they report that Ndell
deletion resulted in an inability of neurons to migrate to target layers without perturbing
astrocyte migration patterns (Hippenmeyer et al., 2010).

In summary, these studies show that, while we know much about population level
requirements of certain genes during cortical development, we lack single cell resolution to

truly dissect the specific actions of a gene’s functions in individual cells.

1.3 Cortical Development through the Lens of Neural Stem Cell Lineage
Progression

The cerebral cortex is a remarkably complex and diverse structure tasked with numerous
higher-level cognitive functions. Cortical development begins with the expansion of the
neuroepitheleum, a pseudostratified layer of tissue composed of neuroepithelial stem cells
(NESCs) (Bishop et al., 2000), which initially divide symmetrically to amplify the progenitor
pool. NESCs later lose tight junctions but retain their apical adherens junctions and thereby
transform into radial glia progenitors around embryonic day 9-10 (E9-10) (Gotz & Huttner,
2005; Howard et al., 2008). RGPs have both an apical and basal process anchoring the cell to
the ventricular and pial surfaces of the cortical tissue , respectively (Villalba et al., 2021). RGPs
reside in the VZ of the developing cortex, and are responsible for generating the excitatory
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neurons and astrocytes of the Emx/ lineage (Beattie & Hippenmeyer, 2017; Di Bella et al.,
2024; Hippenmeyer, 2023) (Figure 2).

Previous work from our group has shed light on the deterministic program that governs
RGP lineage progression in the developing cortex. At the early stages of cortical development,
until E11.5, a majority of RGPs continue to divide symmetrically. At E12, RGPs switch from
symmetric proliferative divisions to asymmetric neurogenic divisions, resulting in an RGP and
a neuron or an intermediate progenitor (IP). RGPs are able to generate neurons in two ways,
either through direct neurogenesis or indirect neurogenesis (Borrell & Gotz, 2014). Direct
neurogenesis is a more ancient form of producing neurons (Villalba et al., 2021), whereby one
RGP divides and produces one neuron and a daughter RGP. Direct neurogenesis is the main
mode of neuron generation in reptiles and birds, though birds do have some indirect
neurogenesis (Villalba et al., 2021). In contrast, indirect neurogenesis occurs when an RGP
divides and produces an IP and a daughter RGP. Mammalian brains rely heavily on indirect
neurogenesis to produce the expanded cortex necessary for the higher cognitive functions of
this clade (Kriegstein et al., 2006; Villalba et al., 2021). The expanded progenitor pool also
brings about a new region in the developing cortex, the subventricular zone (SVZ) (Martinez-

Cerdeno et al., 2016).
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Figure 2 Cortical stem cells follow a stereotyped program during corticohistogenesis.

The cortex begins as a layer of neuroepithelial stem cells, which divide symmetrically to enlarge the progenitor
pool. These later give rise to RGPs, which in turn generate the excitatory pyramidal neurons found in the cortex

either through direct or indirect neurogenesis. RGPs then transition from neurogenic to gliogenic divisions, during



which they produce astrocytes and oligodendrocytes. Postnatal progenitor populations exist within the mouse

cortex and give rise to olfactory bulb interneurons as well as a few non-neuronal cell types.

During the early rounds of indirect neurogenic divisions, RGPs produce the first IPs,
which migrate basally to establish the SVZ (Haubensak et al., 2004). IPs are multipolar and
lack apicobasal processes anchoring them in place (Haubensak et al., 2004; Noctor et al., 2004).
IPs reside in the SVZ and from here divide symmetrically to produce two daughter neurons,
thereby amplifying the overall output of that single RGP (Villalba et al., 2021). This basic
sequence of lineage progression also holds true in gyrencephalic animals like the ferret and
fetal monkey , though gyrencephalic development relies more heavily on other progenitor types
like outer radial glia (Schmechel & Rakic, 1979; Voigt, 1989).

Previous work using Mosaic Analysis with Double Markers (MADM) has shown that
in mice each RGP produces a unit of 8-9 neurons during their neurogenic phase (Gao et al.,
2014). Such precise accounting provides not only a qualitative framework of neurogenesis, but
also a quantitative deterministic framework.

The first pyramidal neurons migrate radially using existing RGP basal processes to
guide them basally, where they form the subplate, the deep portion of the cortical plate (CP)
(Beattie & Hippenmeyer, 2017; Gao et al., 2014; Marin et al., 2010; Taverna et al., 2014).
Waves of newly born neurons subsequently migrate to generate the next layer, thereby giving
rise to the canonical 6-layer cortex in an inside out manner (Rakic, 2009). Superficial layer
neurons (layers II/II and 1IV) form intracortical networks either locally (in the immediate
vicinity or ipsilaterally) or contralaterally. Neurons that project contralaterally end up forming
the corpus callosum, a bundle of projections connecting the two hemispheres. Neurons residing
in the deep layers (layers V and VI) project subcortically to the thalamus, brainstem and spinal
cord (Figure 3).
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Figure 3. Neurons project to subcortical or intracortical targets depending on which cortical laminae they reside
in.

Early born neurons in layers 5 and 6 project subcortically to the thalamus, brainstem, and spinal cord. Later born

neurons in layers 2/3 and 4 project locally to intra- and inter-columnar targets as well as contralaterally.

Upon completion of the neurogenic phase, RGPs must rapidly switch to produce the
macroglia found in the cortex (Costa et al., 2009). During gliogenesis, RGPs produce astrocytes
and oligodendrocytes, cell types that help maintain neurons and support the existing neuronal
circuitry (Chung et al., 2015; Costa et al., 2009; Freeman & Rowitch, 2013). To achieve this,
they undergo a neurogenic to gliogenic switch (Bayraktar et al., 2014; Kriegstein & Alvarez-
Buylla, 2009), during which approximately 16% of RGPs complete the transition to gliogenesis
(Gao et al., 2014). The fraction of RGPs which do not transition to gliogenesis are predicted to
exit the cell cycle by undergoing a terminal neurogenic division (Gao et al., 2014).

Previous studies have touched on this subject, showing that there are many instructive
genetic and epigenetic cues that promote or hinder this transition (Amberg et al., 2019; Beattie
& Hippenmeyer, 2017). For instance, studies have shown quite conclusively that EGFR
signaling is a prerequisite for acquiring gliogenic competence in the cortex (Kornblum et al.,
1997; Sibilia et al., 1998). More recently, Amberg and colleagues reported that PRC2 also plays
a role in maintaining progenitors throughout gliogenesis (Amberg et al., 2022). Glial-
competent RGPs then generate multipotent glial progenitors, which according to new data, can

produce oligodendrocytes, astrocytes, and olfactory bulb interneurons (Gao et al., 2025).



Previous reports notwithstanding, the mechanisms behind the decision to undergo this switch
remain elusive. While we now have a quantitative framework of cortical stem cell lineage
progression, questions remain regarding which molecular and genetic mechanisms govern a

progenitor’s behavior throughout cortical development.

1.4 Applying Mosaic Analysis with Double Markers to Study Genes and

Genetic Interactions at the Single Progenitor Level

MADM is a genetic lineage tracing technology in mice that allows for the sparse simultaneous
genetic manipulation and stable fluorescent labeling of a cell and all its progeny (Zong et al.,
2005). The MADM system is composed of two cassettes, a GT cassette containing a split Gfp-
tdTomato allele and a TG cassette containing a split td7omato-Gfp. The marker genes within
each cassette are separated by a LoxP site (Figure 4A) and were inserted into each pair of the
19 autosomes in mice (Contreras et al., 2021). MADM events occur in actively dividing cells,
as it relies on Cre-mediated interchromosomal recombination to reconstitute one copy of each
of the split marker genes while the cell prepares to divide (Figure 4B). Cre expression can be
targeted to specific tissues by placing it under the control of tissue-specific drivers. In this
project, we place it under the control of Emx/ to label the excitatory pyramidal neurons and
glia produced by RGPs in the neocortex (Gorski et al., 2002). Once the chromosomes have
recombined, the dividing cell segregates the chromosomes in one of two modes, either G2-X

or G2-Z, and generates stably labeled progeny.
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Figure 4 The genetic principle of MADM.



MADM is made up of a series of genetic components. (A) The components of MADM. MADM requires two
cassettes (GT and TG) and Cre-recombinase. (B) MADM events occur in the presence of Cre-recombinase, and
occur sparsely throughout the dividing population in the target tissue. The results are labeled cells with desired

genetic manipulation. (Figured modified from Contreras et al., 2022)

Given that we can link a floxed allele for a gene of interest (GOI) distal to the MADM
cassette, it is not only a powerful tool for lineage tracing but also for loss of function (LOF)
experiments (Figure 5). Previous works from the lab have elegantly highlighted MADM’s
ability to parse out cell-autonomous and non-cell-autonomous roles for a variety of genes not
only in the developing cortex (Amberg et al., 2022; Beattie et al., 2017; Laukoter, Beattie, et
al., 2020), but also in other brain regions as well (Cheung et al., 2024). Additionally, the
sparseness of MADM labeling and genetic manipulation permits one to bypass any lethality
issues found in conditional knockout models (cKO).

Since MADM labeling and genetic manipulation occurs in a very sparse manner, GFP+
mutant cells reside in a phenotypically normal environment. Though, for dosage sensitive
genes, it is important to note that the entire tissue will be heterozygous, and which could
contribute to any phenotypes observed in the MADM-labeled cells. Nonetheless, one can
quantitatively determine the cell autonomous role of a GOI by quantifying any observable
phenotypes in mutant populations within the genetic mosaic (Figure 5B) (Hippenmeyer et al.,
2010). Conventional cKO mouse models by definition delete the GOI in the entire target tissue,
meaning mutant cells are surrounded by other mutant cells, and so the cKO model blurs the
line between cell-autonomous and tissue-wide functions. By performing a subtractive analysis
of the data from a sparse mosaic LOF with that of a cKO, one can determine the true cell-
autonomous and non-cell-autonomous role, or tissue wide requirement, for that gene.

Finally, MADM can also be used to dissect out interactions between two genes of
interest. In addition to the two MADM cassettes, one can breed in two floxed alleles for a
second gene of interest (Figure 5C) (Beattie et al., 2017). Previous work from our group has
shown that deletion of Lg// in the developing mouse cortex results in an overproduction of
astrocytes (Beattie et al., 2017). To delve deeper into the mechanism behind the role of Lg// in
gliogenesis, Beattie and colleagues bred in two floxed Egfr alleles, and found that Lg/I’s
functions throughout gliogenesis depend on intact EGFR signaling. This modular approach
(Figure 5C) can be used to parse out whether one gene’s function depends on that of another.
Taken together, MADM presents a powerful tool to conduct in-depth studies of gene function
(cell-autonomous and non-cell-autonomous) throughout RGP lineage progression and for the

study of interactions between two genes of interest.

9



| MADM Experimental Paradigms |

[A  control-MADM wild-type ||[B Gene X-MADM genetic mosaic ||C Gene X-MADM-Gene Y-cKO |
+/+ @ Gene xt/* @ Gene xt/* @ Gene Xt y -/
H+ Gene X+/* Gene X+~ Gene X - y /-

@D Gene ki G Gene x/- €D Gene x/- y--
5 @ I e @ Gene X~y /-

| Emx1-Cre Driver |

Figure 5 Experimental paradigms for genetic interaction experiments with MADM.

From one breeding, one can obtain all three genotypes for the experiment. (A) Control-MADM animals serve as
internal controls and green-to-red ratio should be 1. (B) Gene X-MADM animals can be used to determine the
cell-autonomous role of Gene X, green-to-red ratio would vary according to phenotype (higher or lower than 1).
(C) The Gene X-MADM-Gene Y-cKO is a sparse mosaic for Gene X on within a Gene Y cKO tissue. All cells
within the target tissue are Gene Y cKO and Gene X genotype would match the expressed fluorophore as in the

MADM paradigm.

1.5 PTEN Functions in Health and Disease

The protein encoded by Phosphatase and Tensin homologue on chromosome ten (PTEN) is
composed of a PIP; binding motif, a phosphatase domain, a PDZ binding domain, and a C2
domain that may help recruit PTEN to the inner cell membrane (Rizo & Sudhof, 1998).
Canonically, phosphoinositide 3-kinase (PI3K) phosphorylates phosphatidylinositol 4,5-
biphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate (PIP3) (Figure 6). AKT, a
prominent protein kinase within the mTOR signaling cascade, translocates to the inner side of
the cell membrane, and binds PIP3 and is subsequently activated by 3-phosphoinositide-
dependent kinase 1 (PDK1). Activated AKT then drives key cellular processes like cell
proliferation, cell survival, and metabolism by activating downstream effectors like SKP2 and
AS160 or by inhibiting other effectors like GSK3 and FOXO (Manning & Cantley, 2007). The
mTOR pathway drives protein translation of key mRNAs crucial for cell growth and
proliferation through phosphorylation of S6K (p70 ribosomal protein S6 kinase) and 4EBP1
(eukaryotic translation-initiation factor 4E-binding protein 1) (Ma & Blenis, 2009). PTEN’s
canonical role is to negatively regulate AKT-mTOR signaling by de-phosphorylating PIP3 into
PIP», thereby directly antagonizing PI3K activity and reducing the availability of PIP3 at the
inner side of the cell membrane (Worby & Dixon, 2014). Since PIP; directly activates AKT
isoforms, PTEN is considered a direct antagonist for downstream AKT-mTOR signaling.
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Therefore, PTEN is responsible for keeping mTOR signaling functions in check, some of which
include translation, cell size, proliferation, and cell survival.

Mouse models with overactive PTEN activity show remarkable resistance to tumor
formation (Worby & Dixon, 2014). Loss of PTEN increases PIP; abundance, thereby
increasing AKT recruitment to the cell membrane and activating mTOR signaling cascade
activity (Manning & Cantley, 2007). Activation of AKT by PIP3 has also been shown to
promote cell cycle entry through downstream inhibition of GSK3p (Massague, 2004).
Decreased activity of GSK3f allows for the activation of cyclin-D, which promotes cell cycle
progression (Massague, 2004). PTEN’s localization also varies along with the cell cycle.
Studies suggest that during S phase, PTEN accumulates at the inner surface of the cell
membrane, while during Go-G1, PTEN can be found in the nucleus at greater concentrations
(Ginn-Pease & Eng, 2003). Deregulation in such central cell signaling pathways present new
targets for further investigation.

Disruptions in cortical development can manifest themselves in several ways, including
macrocephaly, microcephaly, ASD, and epilepsy (Sacco et al., 2018). In humans, PTEN
mutations frequently result in macrocephaly, and carry an increased risk of developing tumors,
ASD, and glioma (Duerr et al., 1998; Song et al., 2012). PTEN mutations are frequently found
in patients with glioma, one of the most commonly occurring cancers among adults with a high
rate of drug resistance (Duerr et al., 1998; Wang et al., 1997; Yang et al., 2010). Patients with
PTEN mutations also frequently present with PTEN hamartoma tumor syndromes (PHTS).
PHTS are series of clinically distinguishable syndromes, Bannanyan-Riley-Ruvacalba,
Cowden Syndrome, and Lehrmitte-Duclos among others (Hobert & Eng, 2009; Longy et al.,
1998; Marsh et al., 1998). Hamartomas are non-cancerous tumor-like growths made from
uncontrolled proliferation of the distinct cell types of the areas from which they grow. People
living with PHTSs also frequently present with macrocephaly, as well as other neurological
deficits like developmental retardation and intellectual disability (Eng, 2003). In summary,
PTEN functions make it a key regulator for a variety of cellular processes. Given this key role,
it is essential to delineate the precise contributions of PTEN in RGP lineage progression during

cortical development at single-cell resolution.
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Figure 6 Canonical PTEN signaling cascade.

PTEN localizes at the inner cell membrane and performs key regulatory functions by negatively regulating AKT-
mTOR signaling. mTOR signaling activates indispensable cellular programs like cellular proliferation, cell size,
and translational activity. Decreased PTEN activity generally results in an overactive mTOR pathway, leading to

over-proliferation, increased cell size, and increases cancer transformation risk.
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2 Chapter 2 — Thesis Objectives

Cortical development is a tightly regulated developmental program that relies on the precise
tuning of gene expression to generate the appropriate cells at the right time. Cortical RGPs are
responsible for generating all the pyramidal neurons and macroglia present in the cortex
(Hippenmeyer, 2023). Thanks to previous MADM-based clonal analysis using tamoxifen-
inducible Emx1-CreERT?2 (Beattie et al., 2020), we now know that RGPs follow a deterministic
program during corticohistogenesis. Each individual RGP produces a clonal unit of
approximately 8-9 neurons, 16% of those same RGPs then undergo a transition from
neurogenesis to gliogenesis (Gao et al., 2014). Our approach focuses on the importance of
specific gene function throughout cortical development. MADM-based candidate gene analysis
allows us to study gene function at the single-progenitor level.

I aim to understand (1) the contributions of Pten during cortical neurogenesis, (2) the role
of Pten in gliogenesis, and (3) which signaling pathways converge with Pten signaling during
gliogenesis. In the first aim, we use tamoxifen inducible Emx/-CreERT2, which gives us added
sparseness and temporal control over labeling, to catalyze clonal MADM events. Using this
dataset, I can parse out whether Pfen helps determine the clonal output of RGPs and use it to
understand how Pten influences RGP division patterns. I address the second aim by again using
clonal analysis to quantify the astrocyte output of individual RGPs, and I leverage advances in
single-cell sequencing technologies to gain insights into the molecular correlates involved in
gliogenesis in control and mutant tissue. I address the third aim by using the transcriptomic
data to guide my experimental approach. I take advantage of the flexibility offered by MADM
and perform genetic interaction experiments. The battery of experiments helps clarify through

which pathways Pten exerts its influence on the gliogenic program.
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Morphological Analysis of Neurons and Glia using Mosaic Analysis with

Double Markers

3.2 Abstract

Mosaic Analysis with Double Markers (MADM) is a powerful genetic method typically used
for lineage tracing and to disentangle cell autonomous and tissue-wide roles of candidate genes
with single cell resolution. Given the relatively sparse labeling, depending on which of the 19
MADM chromosomes one chooses, the MADM approach represents the perfect opportunity
for cell morphology analysis. Various MADM studies include reports of morphological
anomalies and phenotypes in the central nervous system (CNS). MADM for any candidate
gene can easily incorporate morphological analysis within the experimental workflow. Here,
we describe the methods of morphological cell analysis which we developed in the course of
diverse recent MADM studies. This chapter will specifically focus on methods to quantify
aspects of the morphology of neurons and astrocytes within the CNS, but these methods can
broadly be applied to any MADM-labeled cells throughout the entire organism. We will cover
two analyses - soma volume and dendrite characterization - of physical characteristics of
pyramidal neurons in the somatosensory cortex, and two analyses - volume and Sholl analysis

- of astrocyte morphology.
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3.3 Introduction

Neurodevelopmental disorders like autism and fragile X syndrome have been associated with
altered neuronal and dendritic spine morphology (Martinez-Cerdeno, 2017; Phillips & Pozzo-
Miller, 2015; Rademacher & Eickholt, 2019). Changes in neuronal cell volume affects many
intracellular processes like cell signaling and ion diffusion (Hoffmann et al., 2009; Lang et al.,
1998) whereas dendritic spines are directly involved in the establishment of synaptic contacts
and neuronal communications (Yuste & Denk, 1995). Besides neuronal dysfunctions, glial cell
types like astrocytes are often also affected in pathologies (Molofsky et al., 2012; Sloan &
Barres, 2014). The extent of the elaborate organization of astroglial fine processes largely
reflects their maturation state and in turn their functions within astrocytic networks or with
neighboring neurons (Santello et al., 2019; Torres-Ceja & Olsen, 2022). Therefore, in order to
understand pathological alterations to neurons and astrocytes, their morphological parameters
down to the finest structures are commonly considered and compared.

Mosaic Analysis with Double Markers (MADM) is broadly used to concomitantly label
and genetically manipulate target tissues within a mouse (Zong et al., 2005). This is done by
Cre-mediated interchromosomal recombination of two reciprocal chimeric marker genes
inserted in identical loci on homologous chromosomes. A tissue of interest can be targeted by
placing Cre under the control of a tissue-specific promoter. Recently, our group published a
significant resource (Contreras et al., 2021) detailing the creation of the MADM library, a
repository of 19 MADM mouse lines, which allows for MADM analysis of over 95% of the
genes in the mouse genome. Such mice have been used to study genes involved in microcephaly
(Beattie et al., 2017), epigenetic molecular machinery involved in gene silencing (Amberg et
al., 2022), neuronal migration in the neocortex (Andi H Hansen et al., 2022), and in a diverse
body of works. MADM presents a significant advantage in studying genes of interest in that
only a very small subset of cells are genetically manipulated, bypassing any lethality issues
present in more ‘traditional’ conditional knockout (¢cKO) models. The fluorophores expressed
by the reconstituted MADM cassettes, tandem dimer Tomato (tdTomato) and Green
Fluorescent Protein (GFP), very efficiently fill even the finest cellular structures, such as
dendritic spines (Zong et al., 2005). Additional staining with primary antibodies against GFP
and tdTomato further enhances the results of confocal imaging, and is necessary in the case of
embryonic tissue. This technology provides the perfect platform for a multifaceted study of the

role of a gene of interest, not only in the brain but in any organ in the mouse system.
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3.4 Materials

The following is a list of materials and equipment are necessary for the processing, imaging

and analysis of samples described in this protocol.

3.4.1 Reagents and equipment
1. Phosphate buffered saline (PBS, Sigma-Aldrich)

2. Triton X-100 (Sigma-Aldrich)

3. Donkey Serum (Thermo Fisher)

4. Chicken anti-GFP (AVES, dilution 1:500)

5. Goat anti-tdTomato (SICGEN, dilution 1:500)

6. Donkey anti—chicken Alexa Fluor 488 secondary antibody (Jackson Immuno., dilution
1:500)

7. Donkey anti-goat Alexa Fluor 568 secondary antibody (Molecular Probes, dilution 1:1000)
8. DAPI (4',6-diamidino-2-phenylindole) (Thermo Fisher Scientific)

9. Glass cover slides (Thermo Fisher Scientific)

3.4.2 Microscopes and software
1. Confocal inverted microscope with camera and 40x or 63x objective: Zeiss LSM-800

2. Confocal acquisition software: ZEN 2.6 (Zeiss)
3. Image analysis and 3D reconstruction software: Imaris v9.9

4. Statistical analysis and data visualization program: GraphPad Prism v8

3.5 Methods

The following protocol lists the steps required to go from tissue preparation, image acquisition
to final data visualization with minimal coding experience. Naturally, the coding-inclined can
perform the statistical analysis and data visualization using their platform of choice (such as
R). Here, we focus on quantitative analysis of neuronal soma volume dendritic spine

morphology, and astrocyte morphology.
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3.6 Preparation of experimental tissue containing MADM-labelled cells

3.6.1 Generation and cryosectioning of MADM brains

For the generation of MADM-labelled mice and the preparation of cryosections of MADM
brains, follow previously published protocols (Amberg & Hippenmeyer, 2021; Beattie et al.,
2020). See Notes 1-2.

3.6.2 Immunostaining to enhance endogenous MADM signals

The amplification of endogenous MADM signals is recommended for dendritic spine
morphology analysis but not required for neuronal soma volume and astrocyte morphology
analysis.

1. Rehydrate and wash mounted cryosections on glass coverslips with PBS.

2. Incubate sections in blocking solution (0.5% Triton-X and 5% donkey serum in PBS) for
2hr at RT. Protect from light.

3. Incubate sections in blocking solution containing primary antibodies overnight at 4o0C.
Protect from light. The following primary antibodies are recommended: Chicken anti-GFP
(AVES, 1:500) and Goat anti-tdTomato (SICGEN, 1:500).

4. Wash in PBS and incubate sections in PBS containing 0.5% Triton-X and secondary
antibodies for 2hr at RT. Protect from light. The following secondary antibodies are
recommended: Donkey anti-chicken Alexa Fluor 488 (Jackson Immuno. 1:500) and Donkey
anti-goat Alexa Fluor 568 (Molecular Probes, 1:500).

5. Wash in PBS and incubate sections in PBS with 2.5% DAPI (4',6-diamidino-2-phenylindole)
(Thermo Fisher Scientific) for 10min at RT. Protect from light.

6. Wash in PBS and mount with Mowiol 4-88 with DABCO (Carl Roth) and cover with glass
coverslip (24 X 60mm, Thermo Scientific).

7. Allow slides to air dry at 40C protected from light until used.

3.7 Neuron Soma and Astrocyte Volume Measurements

3.7.1 Image acquisition

The following steps are described for the use of an LSM 800 inverted confocal microscope
(Zeiss) operated using ZEN Blue 2.6 software (Zeiss). Adapt accordingly to other confocal
microscopes and software.

1. Initiate confocal microscope according to standard operating procedures. Be sure to not over

expose the soma, as it can lead to issues with reconstruction later on.
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2. Set up the system to acquire Z-stacks so that the entire cell is within the first and last Z-

planes. In this analysis, avoid having multiple soma in the field of view (Notes 1-2).

3.7.2 Image processing for neuron and astrocyte volume measurements

The following image processing steps are described for the use of Imaris 9.9.1 (Oxford
Instruments). Adapt accordingly to other image analysis software like Image] (National
Institutes of Health).

1. Use the Imaris File Converter tool to convert source files (.czi in this case) to .ims files.

2. Open Imaris9.9.1 and drag and drop the .ims file into the “Arena”. Click on the file to be
analyzed. Then navigate to the “Surpass” tab.

3. On the left side of the screen, select “Add new Surfaces” (Fig 7A orange highlight).

4. Next the boundaries of the cell will be defined under the “Create” tab (Fig 7B blue highlight).
5. If the image is dense with cells, segmentation of only a single cell is recommended. To do
this, select the “Segment only a Region of interest” box. Otherwise, skip to 6.

6. To segment this image, click on the blue arrow to continue. In this next step left-click on the
arrows to drag the box so that it only contains the soma of the neuron of interest.

7. Select the “Start creation with Slicer View’ box. Then click on the blue arrow on the bottom
of this area to continue.

8. On the next page select the source channel (Fig 7B orange highlight), in this example we use
the red tdTomato channel. Then click the blue arrow to continue.

9. Next set the threshold for detection of the neuron. Use the same setting for all samples in the
experiment. In this example an automatically detected value of 14.1 is used (See Note 3).
Should there multiple cells in the image, choose to “Split touching Objects” by selecting the
“Enable” box (Fig 7C orange highlight). Click on the blue arrow to continue.

10. On this page filter out any objects smaller than a certain value (number of voxels), such as
artifacts. Otherwise just continue.

11. Skip machine-learning object classification, click the green double arrow to finish this
process and render the surface of the neuron. (Note 4)

12. To get the target data, go to the tab with the graph icon (Fig 7D orange highlight) and then
choose the “Detailed” tab, then in the first drop down menu choose “Specific Values”, and in
the second drop down menu select “Volume” (Fig 7D blue highlight).

13. The data is now displayed. In this case the example neuron has a volume of 690 cubic
microns. Other metrics from this surface can be viewed by navigating the dropdown menus,

such as area, sphericity, etc.
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14. This measurement will be recorded and later plotted with Graphpad Prism software (Fig

8).

3.8 Analysis of dendritic spines of MADM-labelled neurons

3.8.1 Image acquisition

The following steps are described for the use of an LSM 800 inverted confocal microscope
operated using ZEN Blue 2.6 software. Adapt accordingly to other confocal microscopes and
software.

1. Configure confocal software for the following fluorophores: Alexa Fluor 488 (excitation
laser 488nm), Alexa Fluor 568 (excitation laser at 561nm) and DAPI (excitation laser at
405nm). See note 5 for an optional step.

2. To image dendritic spines, use objectives and zoom settings to obtain imaging resolution of
0.08 mm/pixel. For example: a 63X oil immersion objective (NA 1.4) with 2.5 x zoom, or a
40X oil immersion objective (NA 1.4) with 4 x zoom.

3. Setup image acquisition parameters for the relevant channel for dendritic spine labeling with
pinhole of 1 Airy Unit and optimal laser intensity and master gain (500-600V). To reduce
background noise, averaging of acquisition by 2 - 4 times can be used (Note 6).

4. Setup z-stack and tiles to cover area of interest with 0.20 pm z-interval (Note 7).

5. Start image acquisition.

6. After image acquisition, stitch image stacks using “Stitching” function under processing tab.

3.8.2 Image deconvolution

The following image processing steps are described for the use of Imaris 9.9.1. Adapt
accordingly to other image analysis software like Image] or Huygens (Scientific Volume
Imaging).

1. Open .czi image in Imaris and convert to .ims file (Fig. 9A)

2. Choose Crop 3D under Edit and crop into smaller segments of dendritic spines (Fig. 9B).
Save as separate .ims files. (Note 8).

3. Open individual .ims files of cropped fragments and choose “Image Processing” under
“View”.

4. For each channel, choose “Deconvolution” in the drop down menu.

5. Specify deconvolution parameters according to image acquisition parameters (see Fig. 9C
for an example). Image acquisition parameters can be found associated with the each .czi file

listed under information tab in ZEN software.
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6. Check preview window for quality (Fig. 9D) and press “OK” to perform deconvolution if

parameters are correct. Save as new .ims file.

3.8.3 Reconstruction of dendrites and dendritic spines

The following image processing steps are described for the use of Imaris 9.9.1. Adapt
accordingly to other image analysis software like Neuronstudio (Biolmage Informatics Index).

Segmentation of dendrites (Semi-automated mode)

1. In Imaris, open deconvolved .ims file from “Arena”. In 3D View, press “Add New Filament”
2. Press “Skip automatic creation, edit manually” (Note 9).

3. Select “AutoPath” method, automatic center and diameter correction (Fig. 10B).

4. Set the start of dendrite segment (hold Shift + right mouse click).

5. Move cursor slowly along dendrite segment and mark the end point (hold Shift + left mouse
click).

6. Reconstruct 1 dendritic segment per filament (Fig. 10C). As shown in this image, another
dendritic branch denoted by white arrows are not segmented and therefore removed in the

analysis.

3.8.3.1 Dendritic spines detection (Automated mode)

1. Within “Creation” tab, under “Recompute”, choose “Dendrite Diameters”.

2. For the following automated mode of detection, use automated thresholding or set to specific
values (Note 10).

3. Detect spines by setting thinnest diameter and maximum length (Note 11). In this example,
default values = 0.156 and 3.9mm are used, respectively.

4. Use automated thresholding for seed points and spine diameter of set to specific values (Note
10 and 11). Proceed and complete the reconstruction wizard following on-screen instructions.

5. An example of a reconstructed dendritic segments with spines are shown (Fig. 10D).

3.8.4 Classification of dendritic spines

1. Under filament tab, select “Classify Spines” tool, a MATLAB window will open.

2. Use default parameters or change accordingly to define different categories of dendritic
spines (Note 11). New classes of spines can also be created. In this example, four types of spine
morphology are considered: filopodia/dendrite, long thin, mushroom, or stubby.

3. When the correct parameters are set, choose “Classify spines”. An example using default

settings are shown (Fig. 10E).
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4. All spines are automatically classified based on defined parameters and color coded in
viewing panel (Fig. 10F).

5. Save all reconstruction and analysis performed on the dendritic segment by saving the .ims
file.

6. An example of a reconstructed dendritic segment is shown in Fig. 11A in stepwise manner.

3.8.5 Data extraction and statistical analysis

1. In the “Arena” of Imaris, create a new folder containing all dendritic fragments files to be
analysed.

2. Select folder and choose “New Plot” option.

3. Under plot type, choose desired parameters to be exported. Some basic parameters include:
Dendrite length, Dendrite no. spines, Dendrite Spine Density, Spine Length, Spine Neck Max
Diameter and Spine Terminal Pt Diameter.

4. For each parameter, choose to display detailed plot and export data as individual .xls files.
5. For each neuron, analyze multiple dendritic segments depending on imaged area and
combine dendritic length and spine number per cell as. Example quantifications obtained from
9 neurons each with 1-9 dendritic segments analyzed are shown in Fig. 11B-11H. Individual
values and mean + SEM are shown in bar plots.

6. For example, from the total dendritic length (Fig. 11B) and spine number (Fig. 11C) sampled
, spine density can be determined as the total spine number per 10um of total dendritic length
per cell (Fig. 11D).

7. For the analysis of spine parameters, determine the median value of spine length (Fig. 11E),
neck diameter (Fig. 11F), and head diameter (Fig. 11G) per cell. Alternatively, distribution of
these parameters can also be analysed as histograms and compared.

8. Spine morphology can be compared based on the number of spines of each category per cell
(Fig. 11H). The relative proportion of spines belonging to different classes can be determined.
9. Repeat analysis for neurons of different experimental conditions and perform appropriate

statistical analysis to compare different parameters.

3.9 Astrocyte Sholl Analysis

3.9.1 Image acquisition

The following steps are described for the use of an LSM 800 inverted confocal microscope
(Zeiss) operated using ZEN Blue 2.6 software (Zeiss). Adapt accordingly to other confocal

microscopes and software.
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1. Initiate confocal microscope according to standard operating procedures. Be sure to not over
expose the soma, as it can lead to issues with reconstruction later on.
2. Set up the system to acquire Z-stacks so that the entire cell is within the first and last Z-

planes. In this analysis, avoid having multiple astrocytes in the field of view (Notes 1-2).

3.9.2 Image deconvolution

The following image processing steps are described for the use of Imaris 9.9.1. Adapt
accordingly to other image analysis software like Image] or Huygens (Scientific Volume
Imaging).

1. Open .czi image in Imaris and convert to .ims file (Fig. 9A)

2. Open individual .ims files of cropped fragments and choose “Image Processing” under
“View”.

3. For each channel, choose “Deconvolution” in the drop down menu.

4. Specify deconvolution parameters according to image acquisition parameters (see Fig. 9C
for an example). Image acquisition parameters can be found associated with the each .czi file
listed under information tab in ZEN software.

5. Check preview window for quality (Fig. 9D) and press “OK” to perform deconvolution if

parameters are correct. Save as new .ims file.

3.9.3 Render Astrocyte Filaments

The following image processing steps are described for the use of Imaris 9.9.1. Adapt
accordingly to other image analysis software like Image] or Huygens (Scientific Volume
Imaging).

1. In Imaris, open deconvolved .ims file from “Arena”. In 3D View, press “Add New
Filament”.

2. Under “Creation Preferences” turn off “Start creation with Slicer view” and press next (Fig.
12A blue highlight).

3. Select source channel and continue. Indicate 8.0 um as the largest diameter for “Starting
Points”, and 0.7 um for “Seed Points”. These values have generated the best results in our
analyses.

4. Adjust the “Starting Points Threshold” so that only a single starting point is present in the
body of the astrocyte. Additionally, adjust the “Diameter of Sphere Region(s)” to clear seed

points within the astrocyte cell body.
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5. Adjust “Seed Points Threshold” as necessary, so that, if possible, seed points remain only
within the cell of interest.

6. Skip dendrite diameter thresholding, the software’s automatic settings work well. Adjust if
necessary.

7. Skip spine detection. Click green double arrow to finish.

8. The filaments should rather faithfully reflect the morphology of the astrocyte. Trimming of
excess filaments is common. To do this, click on the “edit” tab (pencil).

9. Select “Branch” under the “Mouse selects”, this instructs the software to highlight the branch
distal to its nearest branch point.

10. Delete selected branch with the “delete” key.

11. Once the render is accurate, select the “statistics” tab, depicted by the graph icon.

12. Select the “detailed” tab, under the dropdown menu select “specific values” (Fig. 12C
orange highlight). A second dropdown menu will appear, select “filament no. sholl
intersections” (Fig. 12C blue highlight).

13. The selected data will be displayed, it can then be exported and plotted (Fig. 12D & 12E).

3.10 Notes:

Note 1. It is important to consider sparseness of labelled neurons and astroctyes in order to obtain
individual isolated labelled cells for accurate morphological measurements. When neurites or glial
processes overlap with another cell, a semi-automated reconstruction to segment out undesired
background is required.

Note 2. Thickness of cryosections should be optimized based on the size of neurons or astrocytes to
be analyzed and maximal penetration for immunostaining and confocal microscopy. Typically,
sections between 30-50um are used.

Note 3. The same, or very similar, settings should be used to analyze the dataset of a single
experiment. This helps ensure consistency in the analysis, BUT manual intervention is sometimes
necessary when the software does not get the threshold correct. In this case, increase/decrease the
threshold as required to get a proper rendering of the cell.

Note 4. For batch analysis of cells, save the parameters after the first cell is completely processed and
go to the magic wand tab and click “Store Parameters for Batch”. This can then be loaded into the
program to automatically set the parameters for a batch of .ims files.

Note 5. (Optional step) It is recommended that a low resolution image (with 10-20x objectives) of
the entire cell should be taken in 3 different channels in order to capture the neuronal morphology
and document MADM-labelling. Subsequent image acquisition of spines should be taken of the

relevant channel only to save time.
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Note 6. In order to capture fine dendritic spine structures, neuronal cell bodies are often overexposed.
Note 7. During confocal sampling, it is crucial for subsequent deconvolution steps that sampling
interval is less than the optimal interval determined automatically by confocal software.

Note 8. Processing in smaller fragments increase the efficiency of deconvolution as well as accuracy
of segmentation of dendrites of interest.

Note 9. For dendrite segmentation, automatic creation can also be performed but only recommended
for simple images with clearly defined neurites without background.

Note 10. It is important to use the same threshold for the same image and preferably also across
different experiments. Therefore, it is important to determine whether automated thresholding or
specific values should be used.

Note 11. Dendritic spines of different neuronal types across different brain regions may differ by
length and thickness. It is important to adapt to the specific type of neuron of interest. When unsure,
it is recommended that the dimension of a number of spines are measured from the same image under

“Slice” view.
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Figure 7 Relevant steps to measure the volume of a neuron cell body.

A. Upon importing an .ims file, all processing takes place in the “surpass” tab. The orange box highlights the
“create a new surface” function; all subsequent steps will take place under the “create” tab (blue box).

B. A source channel must be selected for further analysis; thresholding is always set to “Absolute intensity”.

C. Imaris is able to automatically threshold the image, this can be manually adjusted. Additionally, if multiple
objects are in close proximity, the “split touching objects” function (orange box) can separate these.

D. The resulting data are extensive, even for a straightforward analysis such as this, click on the graph (orange

box) and select the “detailed” tab>"specific values”>"volume”. The volume will now be displayed along with the
corresponding unit of measurement.
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Figure 8 Volume measurements of neuron soma and astrocyte.

A. Source data displayed upon importing of the corresponding .ims file. The red neuron is labeled using MADM,
hence the lack of neighboring cells.

B. Once all processing has concluded, Imaris will render the surface; here we have cropped the neurons pre-
processing to measure only the volume of the soma.

C. The resulting soma volume data is plotted, in this case using Graphpad Prism.

Plots are shown as mean = SEM (n=22 neurons, n=5 astrocytes).

Scale bars = 20pm (A-B); 10um (D-E).
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Figure 9 3D Cropping and deconvolution of dendritic segments.

A. Confocal image of a cortical neuron labelled in green GFP fluorescence.

B. 3D Crop window in 3D slice mode with selected area (yellow box) highlighted to be cropped.

C. Deconvolution parameter windows with settings specific to confocal acquisition and processed image.

D. Magnification of region in yellow box shown in (B) before (left) and after (right) deconvolution. Scale bars:
15um (A); S0pm (B); Spm (D).
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Figure 10 Segmentation and reconstruction of dendritic spines.

A. Deconvolved image of a cropped dendrite of interest.

B. Settings for semi-automated (Auto-Path) method to segment dendrite. Note that “Automatic Center” and
“Automatic Diameter” options are selected.

C. Segmented dendrite is shown in thick line. Arrow heads indicate a branched dendritic segment behind the
dendrite segment of interest which was not segmented.

D. Filament view of segmented dendrite (grey) with its dendritic spines detected in automatic mode (blue).

E. MATLAB window extension allowing user-defined parameters to classify spines.

F. Classified spines are highlighted in filament view with color codes for different spine class.

Scale bars: Spm.
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Figure 11 Reconstruction and analysis of dendritic spines.

A. Images showing progressing analysis of a dendritic segment to detect and subsequently classify spines.
Magnified view of classified spines in filament view mode is shown in yellow box.

B - H. After extraction from exported parameters total dendritic length per cell (B), total spine number per cell
(C), spine density per cell (D), median spine length (E), median spine neck diameter (F), median spine head
diameter (G) , and % of all spines for each spine class (H) are shown as mean + SEM (n=9 neurons, 1-9 dendritic
segments analyzed per cell).

Scale bars: 7um.
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Figure 12 Reconstruction and analysis of astrocyte filaments.

A - B. Images depicting the stages of processing of images for filament detection.

C. The resulting data from this analysis displaying the number of filament intersections and the radius of each
sholl boundary.

D. Visual representation of the filaments reconstructed by the Imaris software.

E. Plot of the sholl intersections data. Plots are shown as mean + SEM (n=5 astrocytes).

Scale bar = 10um
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4 Role of Pten in Cortical Neurogenesis at Single Cell Resolution using

MADM

4.1 Summary

The cerebral cortex is evolutionarily the newest brain region, responsible for the higher order
cognitive functions found in mammals like ourselves. The cortex is composed of both
excitatory neurons, inhibitory neurons and glial cells. It is rich in cellular diversity and many
of the resident cells are generated locally from multipotent progenitors called radial glia
progenitors (RGPs). Cortical RGPs produce all the excitatory neurons and macroglia found in
the neocortex. Work from our group has revealed that RGPs follow a deterministic
developmental program throughout corticogenesis, whereby an RGP progresses in an orderly
manner from a proliferative program to a neurogenic phase around E12, and later produces a
clonal unit of 8-9 neurons. Nonetheless, the field lacks an understanding of the mechanisms
that govern the cortical developmental program.

In this project, I aim to uncover key aspects of RGP lineage progression at the single
cell level using MADM. MADM allows us to stably label and genetically manipulate a sparse
subset of cells in any tissue in vivo with high spatiotemporal resolution. Here, I focus on
uncovering the role of Pten in RGP lineage progression during cortical neurogenesis. Pfen is
an ideal target, since PTEN mutations in humans are known to cause macrocephaly, autism
spectrum disorder (ASD), epilepsy, and a high susceptibility to tumors. The key question I
sought to address is: where in RGP lineage progression does Pten exert its influence? I found
that Pten plays a significant role in constraining progenitor proliferation and neuronal output
during embryonic development. PTEN deletion results in shifts to the prescribed
symmetric/asymmetric division switch. Finally, PTEN constrains clonal unit size, and its
deletion results in larger neuron clonal units. Taken together, I show that PTEN functions are

crucial for generating an appropriately sized cortex.
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4.2 Introduction

The cerebral cortex arises from the early neuroepithelium, composed of progenitors with both
apicobasal junctions and tight junctions thereby forming a pseudostratified tissue (Villalba et
al., 2021). It is these early progenitors that give rise to RGPs and subsequently all excitatory
neuronal cell types within the forebrain. RGPs continue to proliferate and expand the progenitor
pool until approximately E12, at which point they switch to a neurogenic division mode to
generate the neuronal diversity of the cortex (Beattie & Hippenmeyer, 2017). The cortical
laminae are generated in an inside out manner, meaning the deep layer neurons are generated
first, followed by subsequent waves of neurons, which sequentially populate the next layer.
Neurogenesis continues until E16-E17, when the last of the superficial layer neurons are
generated. Our group has discovered that RGPs follow a deterministic program during
corticogenesis, during which they generate 8-9 neurons (Gao et al., 2014).

Despite this well-described stereotyped framework, the mechanisms which control
RGP clonal output remain elusive. For this reason, I employ MADM to determine whether and
how Pten, a gene that when mutated is known to cause macrocephaly, modulates progenitor

output during neurogenesis.
4.3 Neurogenesis in Mammals

By El1, most progenitors in the mouse cortex have acquired the features of RGPs, with
neurogenesis beginning between E11.5-12.5. Initially, RGPs generate neurons via the direct
neurogenesis route, by dividing asymmetrically to self-renew and generate a neuron. RGPs
later give rise to most neurons via IPs, this process is known as indirect neurogenesis (Agirman
etal., 2017). Early born neurons migrate radially along the basal processes of RGPs to the deep
layers, while later born neurons use this same scaffolding to create the superficial layers,
thereby generating the cortical laminae in an “inside-out” fashion. Thanks to recent advances,
we are beginning to acquire a better understanding of how RGPs generate the neuronal diversity
found in the neocortex.

RGPs initially generate two classes of neurons, corticofugal neurons and commissural
neurons (Magrinelli et al., 2022), that populate layer 6 of the cortex. Pearson and colleagues
showed that RGPs ramp up Foxpl expression during early corticogenesis, and its expression
decreases as RGPs transition to generate neurons destined for the upper layers (Pearson et al.,
2020). They find that extending the period during which Foxp! is expressed results in an

extended window of deep-layer neurogenesis (Pearson et al., 2020). Moreover, during deep-
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layer neurogenesis, a sparse subset of RGPs are known to express Fezf2. Fezf2 expression in
post-mitotic neurons leads to them acquiring the corticofugal identity (Greig et al., 2013).
Strikingly, deletion of Fezf2 in mice results in the absence of large layer 5 neurons (Chen et
al., 2005). Instead, the neurons in the presumptive layer 5 express 7br! and project to the
thalamus, and not to the brainstem and spinal cord. Fezf2 activates expression of a series of
genes required for deep-layer fate acquisition, such as COUP-TF-interacting protein 2 (Ctip2),
which controls differentiation into subcortical projection neurons (Chen et al., 2005). These
results together indicate that Foxpl provides the competence window for deep-layer
neurogenesis, while Fezf2 expression is necessary for acquiring deep-layer identity while also
repressing superficial-layer identity.

RGPs subsequently switch to generate superficial-layer neurons, which mostly project
intracortically. Using in-utero electroporation to fate map RGPs and their progeny, Franco et
al. showed that RGPs expressing Cux2 only produce neurons bound for the superficial layers
(Franco et al., 2012) and Cux2 also marks the upper-layer neurons they produced (Huilgol et
al., 2023). Interestingly, Cux2 expression in progenitors was observed as early as E10,
significantly before superficial-layer neurogenesis (Franco et al., 2012). These data can be
interpreted to mean that from the very earliest stages of corticogenesis, at least two pools of
progenitors exist (Cux2- and Cux2+). The Cux2- progenitors generate the lower layer neurons,
while the Cux2+ progenitors amplify themselves in preparation for the later stages of
neurogenesis. These data, however, have been contested and are contradicted by several
heterochronic transplantation studies (Frantz & McConnell, 1996; McConnell, 1988).

A more recent study from Oberst and colleagues elegantly tested whether RGPs
harvested from an animal of one age, can generate the appropriate neuronal progeny when
transplanted into a cortex at either an earlier or a later stage of neurogenesis. Their data suggest
that RGPs from E15 cortices, in other words RGPs generating superficial-layer neurons, remain
competent to make deep-layer neurons when transplanted into an E12 cortex (Oberst et al.,
2019). RGPs were able to respond in a plastic manner due to Wnt signaling provided by their
host tissue. Meanwhile, IPs showed that they are indeed committed to generating a specific
neuronal identity and remained insensitive to host-tissue signaling cues (Oberst et al., 2019).
These data suggest that RGPs retain competency later in their lives, but IPs lack flexibility to
produce neurons outside of their respective period of origin.

MADM-based studies also indicate that the vast neuronal diversity found throughout
the cortical laminae comes from a single progenitor population, namely from Emx/-lineage
RGPs (Amberg et al., 2022; Beattie et al., 2017; Gao et al., 2014).
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In summary, despite all the advances in developmental neurobiology over the past
decades, the mechanisms that govern neurogenesis in the cortex are not fully understood. This

gap in our understanding leaves open avenues for new research.
4.4 Pten Mouse Models

Given its crucial role in modulating cell proliferation via mTOR signaling, it is essential to
understand how PTEN may regulate key aspects of mammalian cortical development. PTEN
is ubiquitously expressed throughout the developing embryo. Global homozygous knockout of
Pten results in early embryonic lethality. Global Pten heterozygous knockout results in mild
increases in brain size and mild predisposition to tumors, indicating Pten is dosage sensitive
(Chen et al., 2015; Di Cristofano et al., 1998). Previous studies have delineated the gross effects
Pten mutations can have on cortical development, but they were limited to studying embryonic
or early post-natal timepoints in conditional knockout (cKO) mice due to perinatal lethality.
Using a Nestin-Cre driver to delete Pten within neural progenitor cells in vivo, resulted in
macrocephaly, hyperactivation of mTOR signaling, and early postnatal death (Groszer et al.,
2001). Neurospheres derived from such mice allowed the authors to show that Pten deletion
results in greater sensitivity to growth factors and an increase in the fraction of cells that
transition from Go-G to the G phase of the cell cycle (Groszer et al., 2006).

Pten cKO mice with deletion only in postmitotic excitatory neurons, using the NEX-
Cre driver, revealed that neurons are hypertrophic and have a significant over-activation of
AKT and mTORCI1-S6K while heterozygous mutant cells have only a mild effect, again
indicating dosage sensitivity (Kazdoba et al., 2012).

It has been shown that Pren deletion in the entire Emx/ lineage results in a drastic
macrocephaly as well as death around P10 (Chen et al., 2015). Additionally, the same mouse
model showed that homozygous Pten deletion results in drastic increases in AKT, mTOR-S6K,
and B-catenin activation, while heterozygous Pten deletion only increases pathway activity
mildly (Chen et al., 2015). While Pten has been the subject of extensive study in the past
decades, the field still lacks a clear picture of how Pten contributes to cortical stem cell lineage
progression at the single progenitor level. In this study, we report on the requirement of
functional PTEN throughout cortical stem cell lineage progression in mice using MADM. Our
MADM-based approach bypasses the mortality of traditional Pten cKO mouse models by
generating a sparse mosaic knockout of PTEN in the Emx/ lineage, allowing us to study the

trajectories of RGPs, neurons, and astrocytes from development to maturity.
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4.5 Results

4.5.1 Experimental Design for Sparse Deletion of Pten in the Developing Mouse
Cortex

To determine the cell-autonomous function of Pten in RGP lineage progression, I used a
MADM-based genetic strategy. It consists of phenotypic analysis at single-cell resolution using
a control-MADM (MADM-19¢779; Emx1¢") model with sparse MADM labeling within the
EmxI lineage in the control tissue (Pten™) (Figure 13A), and a genetic mosaic Pten-MADM
(MADM-19¢7TGPienflox. Fryy1€r¢*) mouse model with sparse Pten ablation in a minority of
RGPs in a tissue consisting of phenotypically normal cells (Figure 13B). Sparse labeling and
genetic manipulation in the cortex is induced by using an established driver to target the Emx/
lineage, Emx1-Cre (Gorski et al., 2002) as well as a tamoxifen-inducible Cre (Emx[-CreER)
(Kessaris et al., 2006). Experimental animals were generated by crossing parental lines
according to the breeding scheme below (Figure 13C). As explained in the introduction, the
presence of Cre recombinase catalyzes trans-recombination in the target chromosomes of
animals carrying the TG and GT cassettes. Except that Cre recombinase in the Pten-MADM
mouse model also induces cis-recombination of the LoxP sites which flank Pten exon 5
(Groszer et al., 2001), resulting in a A-Exon5 Pten allele that, when transcribed and translated,
produces an incomplete and inactive PTEN protein. Therefore, in the Pten-MADM brains, cells

'+ alleles, cells expressing GFP carry two Pten”" alleles, and

labeled with tdTomato carry Pten
yellow cells carry Pten'”” alleles. The unlabeled cells within the Emx lineage are also Pten™”,

whereas cells derived from other lineages, such as interneurons, are Pten™".
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Figure 13. Experimental paradigms to study Pfen at single cell resolution using MADM.

(A) Control-MADM brains contain sparse labeling without additional genetic manipulation. All cells in the tissue

are control (Pten'").

B) Pten-MADM experimental brains are sparse genetic mosaics. GFP+ cells carry Pten” alleles, while
( P parse g y

tdTomato+ cells carry Pten™*

alleles. They therefore serve as additional internal controls. Yellow cells are

excluded from our analyses, as they can result from either G2-Z or G1 recombinations.

(C) The breeding schemes for the respective genotypes. Although control-MADM mice can be generated through

a dedicated breeding pair, most control-MADM and Pten-MADM mice in this study were generated from the

same breeding pairs.




4.5.2 Pten Deletion Results in an Expansion of Cortical Neuron Populations with

Significant Morphological Alterations

In this section of the study, we look at the output of cortical RGPs throughout neurogenesis at
single-cell resolution (Figure 14A). We generated control-MADM and Pten-MADM mice
(Figure 13C) and collected brain tissue at P21. Unlike traditional Pten cKO mouse models, our
Pten-MADM mice survive past the early postnatal stages and have normal lifespans, well past
6 months of age. Since sparse MADM labeling occurs in a random sample of cells within the
Emx1 lineage, we expect GFP+ and tdTomato+ cell populations to be equal in control-MADM.
We therefore quantify many of our analyses using a green-to-red ratio (G/R ratio). We identify
neurons simply by morphology, as at P21 their morphology is easily distinguishable from that
of astrocytes and oligodendrocytes.

We quantified the neuronal population in both control-MADM and Pten-MADM brains
at P21. We find that, as expected, the G/R neuron ratio in control-MADM mice is 1.01
(SEM=0.02) (Figure 14D). Meanwhile in Pten-MADM mice, we find a G/R ratio of 1.99
(SEM=0.19) (Figure 14G). These data indicate a doubling of the Pten mutant neuron
population compared to the control neurons in the Pfen-MADM model.

We find that Pten-mutant neurons are morphologically distinct (Figure 15C-D) to their
control counterparts (Figure 15A-B). Using the methods described in Chapter 3 of this thesis,
we show that Pfen mutant neurons in our sparse mosaic also show the characteristic
hypertrophy reported in other Pfen mouse models (Kazdoba et al., 2012). We find that the
nuclear volume is 712 um?® (SEM+26.7) in Pten-mutant neurons (Figure 15E), significantly
larger than control neurons with 266.2 um? (SEM+26.7) (Figure 15E). Likewise, soma volume
was significantly increased in Pten-mutant neurons (mean: 3885 um?®, SEM+376.3) (Figure
15F). In summary, we find that Pfen mutations in our sparse genetic mosaic result in
phenotypes we expect based on previous Pfen mouse studies. Using MADM, I will go deeper

into the role of Pten at the single progenitor level.
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Figure 14. Pten deletion results in a cell autonomous increase in the mutant neuron populations in the neocortex.
(A) Schema of radial glia lineage progression in the developing cortex

(B-C) Confocal image of 35 um thick section of a MADM-19%"7T6; Emx 1€ hemisphere at 20x magnification.
Scale bar indicates 500 um. Inset image of cortex of 35 um thick section of MADM-1957TS; Emx1¢*, Scale bar

indicates 50 pm.

(D) Quantification of the green to red ratio (G/R) of neurons in MADM-195"T6; Emx1°** cortices, each dot
indicates one animal (minimum of five sections counted per animal). Data shown is mean + SEM. (Quantified by

Ximena Contreras)

(E-F) Confocal image of 35 pum thick section of a MADM-]9GT/TGPenflox. fryyx 1Ce/* hemisphere at 20x
magnification. Scale bar indicates 500 pum. Inset image of cortex of 35 um thick section of MADM- ] 9ST/TG Pren-flox..

Emx1¢*, Scale bar indicates 50 pm.

(G) Quantification of the green to red ratio (G/R) of neurons in MADM-]9STTGPen-flox. By JCrel* cortices, each
dot indicates one animal (minimum of five sections counted per animal). G/R ratio is increased, indicating a larger

GFP+ mutant neuron population. Data shown is mean + SEM. (Quantified by Ximena Contreras)
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Figure 15. Pten cell-autonomously controls neuron cell size.

(A-B) Confocal image of 35 pm thick section of a MADM-197TG; Emx1°¢* neuron at 63x magnification. Scale

bar indicates 5 um.

(C-D) Confocal image of 35 pum thick section of a MADM-195TTGPenfl. Frx 1€r¢/* neuron at 63x magnification.

Scale bar indicates 5 pm.

(E) Quantification of nuclear volume in GFP+ neurons in MADM-1957TS; Emx1¢* (3 animals, 15 neurons
quantified. Mean: 266.2 um’, SEM#26.7) and in MADM-]9STTGPrenll. fyyx JCre* (4 animals, 20 neurons
quantified. Mean: 712 um?, SEM+26.7). Data shown is mean + SEM. Two-tailed unpaired t-test, P-value =
<0.0001, F = 1.333. ****p<(0.0001

(F) Quantification of soma volume in GFP+ neurons in MADM-195"TS; Emx1¢* (3 animals, 15 neurons
quantified. Mean: 763.3 um?, SEM+55.31) and in MADM-]9CVTGPenl. By jCre* (4 animals, 20 neurons
quantified. Mean: 3885 um?®, SEM+376.3). Data shown is mean + SEM. Two-tailed unpaired t-test, P-value =
0.0009, F = 61.7. ***p<0.001
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4.5.3 Pten has a Cell-Autonomous Function in Individual RGPs during

Neurogenesis

Previous data from our lab (unpublished) has shown that Pten deletion results in a significant
increase in the number of PAX6+ RGPs in the developing mouse cortex. I followed up on this
finding by generating clonal MADM mice, using a tamoxifen-inducible Emx/-CreER
recombinase (Kessaris et al., 2006), to understand progenitor division patterns throughout
neurogenesis. In MADM clonal analysis, we categorize clones as being either symmetric or
asymmetric in nature. Symmetric clones are defined as having 4 or more cells per subclone,
while asymmetric clones consist of one majority subclone with 4 or more ccells and one
minority subclone with 3 or less cells.

Pregnant dams were injected at E11 timepoints to label RGPs during the time in which
they divide mostly in a symmetric proliferative manner. I then analyzed tissue at E13 and E16
timepoints. As symmetric clones will contain two subclones of similar size, I quantified clones
by counting the number of cells per subclone (green subclone and red subclone) in MADM-
1967TGPenl: By 1-CreER™” mice and compare the control subclone (tdT+) to the Pten-mutant
subclone (GFP+) (Figure 16A-B). I find that during the first 2-3 cell divisions, RGP output
remains similar in control (mean = 3.188 cells/subclone, SEM+0.4002) and Pten-mutant
subclones (mean = 3.625 cells/subclone, SEM=*0.4171) (Figure 16C). I then quantified clone
size at E16 (Figure 16D), when neurogenesis has nearly finished. Pten mutant subclones are
significantly larger (mean = 25.56 cells/subclone) than control subclones (mean = 15.11
cells/subclone) (Figure 16E), indicating an increased RGP proliferative potential resulting in
larger mutant subclones.

Previous MADM studies established that RGPs produce a defined unit of 8-9 neurons
(Gao et al., 2014). By using a tamoxifen inducible CreER recombinase, I was able to assess
whether Pfen plays a role in constraining an RGPs clonal output. We injected pregnant dams
at E12.5 to induce MADM events, collected the pups at P21 and analyzed the size and division
mode of clones in the somatosensory cortex. Control-MADM clones largely reflected previous
reports (Figure 17C), but the unitary output of Pten mutant RGPs was significantly larger,
approximately 9.5 neurons per clone (Figure 17C). While both control and mutant clones are
similarly likely to produce neurons across both upper and lower layers, mosaic clones tend to
produce a greater fraction of lower layer neurons (Figure 17F). Finally, we observe that
approximately 37% of E12-induced clones in control-MADM are symmetric, about 50% of the
Pten-MADM clones are symmetric (Figure 17G-H). These results indicate that Pten deletion
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perturbs the timing of the symmetric-asymmetric switch in RGPs. Taken together, our data
provides insights into the individual progenitor dynamics that give rise to the overproduction
of neurons in the developing Pren-mutant cortex and highlight the importance of Pten in

controlling the proper timing of lineage progression during development.
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Figure 16. Deletion of Pten in early RGPs results in larger symmetric proliferative clones.
(A) Model of symmetric clone resulting from an E11.5 tamoxifen injection. Symmetric clones have two subclones.

(B) Representative image of a symmetric clone from an MADM-1997TG-Penfl- Eyx]-CreER"" mouse cortex at

E13.5. Scale bar = 50 um. Section cut at 35 pm.

(C) Quantification of red and green subclones in MADM-19°7T¢-Penfl: Eyx [-CreERY" mouse cortex at E13.5.
Green and red subclones are of similar size at this stage (red subclone mean = 3.188 cells/subclone, SEM+0.4002,

green subclone mean = 3.625 cells/subclone, SEM+0.4171). Each dot indicates one clone. Data shown is mean +

SEM. Unpaired t-test p-value = 0.455, ns.

(D) Representative image of a symmetric clone from an MADM-19977¢-Penfl. Emx[-CreER*" mouse cortex at

E16.5. Scale bar = 50 um.

(E) Quantification of red and green subclones in MADM-19°7T6-Prenfl. Emx]1-CreER"™" mouse cortex at E16.5 (red
subclone total mean = 15.111 cells/subclone, SEM+2.922, green subclone mean = 25.556 cells/subclone,

SEM=5.694). Each dot indicates one clone. Data shown is mean + SEM. One-way Anova adjusted p-value =

0.0332. *p<0.05
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Figure 17 Pten plays a cell-autonomous role in regulating neurogenic clonal unit size.

(A) Model of asymmetric neurogenic clone resulting from E12.5 tamoxifen injection. Asymmetric clones have a

majority (> 3 cells in size) sublcone and minority (< 3 cells in size) subclone. Together they constitute the clonal

unit.

(B) Representative image of an asymmetric clone from an MADM-19¢7TC el Emx ]-CreERY" mouse cortex at

P28. Scale bar = 50 um. Section cut at 40 pm.

(C) Quantitative comparison between all asymmetric clones from control mice (MADM-19°7%; EmxI-CreER*"
) and Pten-/- clones from Pten-MADM mice (MADM-19C7T0Penl: Emy]-CreER™"). Pten mutant clones are
significantly larger (mean = 9.862, SEM+0.6763) than control counterparts (mean = 8.00, SEM+0.5679). Each
dot indicates one clone. Data shown is mean = SEM. Mann-Whitney p-value = 0.0357. *p<0.05

(D) Pten -/- majority subclones (mean = 8.241, SEM+0.6231) are significantly larger than control majority
subclones (mean = 6.04, SEM=0.5160). Each dot indicates one clone. Data shown is mean = SEM. Unpaired t-
test p-value = 0.0061. **p<0.01

(E) Minority subclones in both Pfen -/- (mean = 1.621, SEM+0.1351) and control (mean = 1.96, SEM+0.1409)

are of roughly equal size. Each dot indicates one clone. Data shown is mean + SEM. Unpaired t-test p-value =
0.0793.

(F) Quantification of neuron distribution across deep layers (V-VI) and superficial layers (II/III-IV) reveals that
neurons from Pten-mutant clones (SL: 56.2%, DL: 43.8%, 95%-CI: 62.3-49.9%) were significantly more
concentrated in the deeper layers compared to neurons in control clones (SL: 72.2%, DL: 27.8%, 95%-CI: 78.7-
35.4%). Data show is fraction and CI 95%. Fisher’s Exact test p-value = 0.0019, **p<0.01

(G-H) Clones can be categorized as symmetric (two subclones, each greater than 4 cells) or asymmetric (one

majority subclone with 4 or more cells, and a minority subclone with 3 or less cells).

47



(G) At E11 control clones mostly divide symmetrically (76%), at E12 they switch to mostly asymmetric divisions
(60%), by E13 all clones are asymmetric (100%). Error bars show lower 95% CI.

(H) Pten mutant clones do not follow the same trajectory, instead some enter neurogenic divisions at E11 (41.7%),
and half remain in symmetric proliferative mode at E12 (50%). Much like in control, all Pfen mutant clones were

asymmetric by E13 (100%). Error bars show lower 95% CI.
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4.5.4 Deep Layer Neuron Populations are Selectively Expanded in Pfen-MADM
Mice

The clonal data provides a lot of clarity about the single-progenitor dynamics that lead to the
Pten phenotype, but I wanted to follow up on the deep vs superficial layer distribution we found
in the clones. Population level MADM (i.e. driven by Emx[-Cre) provides the numbers
necessary to verify the layer distribution phenotype, I used control-MADM and Pten-MADM
(Figure 18A,C) to conduct this analysis. Using DAPI staining to differentiate between layers,
I subdivided the cortex into the six respective layers which make up the structure (Figure
18B,D). The distribution of neurons in the control-MADM (Figure 18E, black line) condition
showed that a relative plurality of neurons reside in layers 2/3 (36.97%) and layer 4 (29.2%),
while Pfen-mutant neurons in Pten-MADM brains (Figure 18E, green line) were more evenly
distributed among layers 2/3 (23.4%), 4 (21.6%), and 5 (24.0%). Layer 6 in Pten-MADM mice
contained a significantly larger fraction of green neurons (31.0%).

Interestingly, when comparing the ratio of Pten”" neurons with Pten™" neurons within
each layer in the Pten-MADM condition, I find that green mutant neurons in layer 5 are
preferentially generated (Figure 18F). Layers 2/3 had a G/R ratio very close to one, ratios in
layers 4 and 6 were approximately two, while layer 5 had a G/R ratio of four (Figure 18F). This
means that in the Pfen mutant neuron population, more neurons reside in layer 6, but when
comparing neuron numbers between control and Pfen mutants within each layer, I find that
layer 5 has the most mutant neurons.

I performed single-cell RNA sequencing on GFP+ cells from both control-MADM and
Pten-MADM cortices at PO in order to mitigate the negative effects of the dissociation/FACS
protocol on neurons at later postnatal stages. I sequenced two samples from control-MADM
and four from Pten-MADM, the mean cell number is comparable between the two conditions
(Figure 19A). All other metrics for genes present (Figure 19B), total RNAs per cell (Figure
19C), and mitochondrial RNA content (Figure 19D) were comparable between the samples,
indicating we had acquired data of a good quality. I then used the Seurat package to pool all
neurons irrespective of genotype and generated a UMAP with distinct neuronal clusters (Figure
19E).

In order to corroborate the earlier findings, that deep-layer neurons were more abundant
in Pten mutant populations than in control, I performed a cell-type abundance analysis on the
Seurat clusters. I wanted to determine whether the excess cells in the lower layers were of the

correct molecular identity. To achieve this I used classical markers for deep and superficial
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layer neurons. I find a relative enrichment of clusters “1” and “2” and a relative decrease of
clusters “0” and “3” in Pten mutant neuron populations compared to control (Figure 19F).
Using canonical markers to identify broad cell identity (i.e. superficial vs deep) (Figure 19G-
L), I find that the populations in overrepresented clusters “1” and “2” more closely resemble
deep layer neurons due to their expression of Ctip2 and Fezf2 (Figure 19G,H). The sequencing
data provides evidence that the excessive neurons in the deep layers are of the correct identity.
These findings bring up new questions for future studies, such as whether Pten deletion induces
a fate-switch of neurons destined for other layers, or whether the phenotype we observe is

simply due to progenitor abundance at specific time points.
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Figure 18. Pten-mutant neurons are more abundant in the deep layers.

(A) Confocal image of 35 um thick section of a MADM-1957T6; Emx 17" hemisphere at 20x magnification. Scale

bar indicates 500 um.
(B) Inset image of cortex of 35um thick section of MADM-197TG; Emx1¢", Scale bar indicates 50 pm.

(C) Confocal image of 35um thick section of a MADM-]9CT/TGPren-flox. Fpyx [ €/t hemisphere at 20x magnification.

Scale bar indicates 500 pum.
(D) Inset image of cortex of 35um thick section of MADM-19¢7TGPlenflox. Eyyx [Cre/*  Scale bar indicates 50 pum.

(E) Quantification of the relative distribution of GFP+ neurons in both control-MADM (black line) and Pten-
MADM (green line). Control-MADM - L6: 23.1%, SEM=£2.2, L5: 10.7%, SEM+0.70, L4: 29.2%, SEM=+0.9, L.2/3:
37.0%, SEM=2.0. Pten-MADM — L6: 31.0%, SEM=2.80, L5: 24.0%, SEM+0.8, L4: 21.6%, SEM+1.2, L.2/3:
23.4%, SEM=1.60. Two-way Anova: L.2/3 adjusted p-value = 0.0001, L4 adjusted p-value = 0.0224, L5 adjusted
p-value = 0.0002, L6 adjusted p-value = 0.0185. *p<0.05, **p<0.01,***p<0.001. Data shown is mean = SEM.

(F) Green-to-red ratios of neurons within their cortical laminae. Values shown are mean and SEM. L2/3: mean =
1.274, SEM=+0.1583, L4: mean = 1.760, SEM+0.4367, L5: mean = 4.231, SEM+0.4885 L6: mean = 2.249,
SEM+0.4930. Data shown is mean + SEM.
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Figure 19. Neurons with deep layer identities are more abundant in Pfen mutants than control at P0.
(A) Cell counts for the two Pten*" and four Pten”~ samples. Each dot represents an individual sample.

(B-D) Violin plots showing (B) unique gene reads, (C) total RNA transcript counts, and (D) percent of reads

aligning with mitochondrial RNA, an assay for cell death.
(E) UMAP showing the distinct clusters of neurons present in all samples.
(F) Cell type abundance plots. Each dot represents an individual sample. Bar plots indicate mean.

(G-L) Violin plots showing expression levels for deep (Ctip2 and Foxp2) and superficial (Sath2 and Fezf2)

neuronal marker genes. Each dot within a violin plot represents an individual cell.
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4.6 Discussion

The mammalian cortex is built from an initial monolayer consisting of a pool of multipotent
progenitors. Perturbations to the developmental program often result in critical deficiencies and
malformations detrimental to the viability of the organism. One key regulator of development
and growth is Pten. We have known that Pten mutations lead to macrocephaly since the early
2000’s, characterized by an enlarged brain with excessive and hypertrophic neurons. Later
studies revealed that Pten deletion shortened the cell cycle and delayed cell cycle exit (Chen et
al., 2015; Groszer et al., 2006; Groszer et al., 2001), but none of these studies had the resolution
to determine the cellular contribution of single progenitors. Previous studies into Pten’s role
during development were limited by the early postnatal lethality of Pten cKO in the Emx]
lineage (Chen et al., 2015). Others used postnatal Pten models, like NEX-Cre drivers, to delete
Pten within postmitotic neuron populations (Kazdoba et al., 2012), but such an approach does
not shed light on the developmental role of Pten. 1 sidestepped these limitations by generating
sparse mosaics using MADM. This study presents, for the first time, an analysis of Pten’s role
during cortical stem cell lineage progression at single cell resolution.

My data set expands on previous reports that PTEN-deficient RGPs tended to
overproliferate in both mouse cortex and neurospheres (Groszer et al., 2006; Groszer et al.,
2001), as well as human organoids (Li et al., 2017). I did so by using MADM clonal analysis
to ascertain, at the single-progenitor level, that Pten”” progenitors generate larger proliferative
symmetric clones than control counterparts. One long-standing question regarding
macrocephaly resulting from Pten LOF was whether each RGP increased its individual
neuronal output. Once again using the clonal MADM approach, I found that the clonal output
of Pten mutant RGPs is close to 10 neurons, significantly increased from the canonical clonal
unit of 8 neurons found by our group (Gao et al., 2014). The clonal analysis showed that Pten
deletion resulted in a greater allocation of lower layer neurons than in control. Pten therefore
appears to play a decisive part in the decision making process during neurogenesis. I report that
the macrocephaly found in Pten LOF mouse models not only stems from an expansion of the
RGP pool, but an increase in the individual RGP output throughout neurogenesis. Pten deletion
also led to an excessive and preferential production lower layer neurons, skewing the
constitution of the cortex toward more subcortically projecting neurons. How Pten deletion
influences progenitor output remains elusive. Does PTEN truly determine cellular identity? Or

is it due to more progenitors being present initially? My data point to the former, given that I
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showed that progenitor numbers do not significantly differ until mid-neurogenesis. Further

studies might be able to precisely delineate how PTEN influences cell fate specification.
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5 Uncovering the Role of Pten during Cortical Gliogenesis

5.1 Summary

Cortical gliogenesis begins upon the conclusion of the neurogenic period, whereby RGPs
undergo a switch from the neurogenic to gliogenic program. Those that do transition from
neurogenesis to gliogenesis end up producing the macroglia of the neocortex, namely
astrocytes and oligodendrocytes. Astrocytes provide critical support to the neurons in the
cortical laminae, and thus are essential for optimal functioning of the neuronal circuitry.

In this section of the thesis, I provide evidence that Pten is cell-autonomously required
for the nominal production of astrocytes. Using MADM-based clonal analysis, I find that RGPs
produce larger astrocyte clones than control counterparts. Bulk-seq and scRNA-seq of
astrocytes and progenitors at PO revealed a deregulation in key signaling pathways, which
provided valuable new targets to test. Thanks to the flexible MADM system, I was able to test
for the requirement of components of various pro-gliogenic signaling pathways during
gliogenesis in mosaic Pten mutant conditions. I find that, despite literature indicating
requirements for Jak/Stat and Notch signaling during gliogenesis, cKOs for Jakl/2, Stat3/3,
and Notchl do not rescue the overproduction of astrocytes in Pfen mutant populations. Finally,
I find that Erkl/2 are required for expansion of the astrocyte population in the absence of Pten.
The results described in this section provide key insights into the progenitor dynamics and

signaling pathways that control astrocyte numbers.

5.2 Introduction to Mammalian Gliogenesis

Cortical glia can be grouped into two broad categories, microglia and macroglia. Astrocytes
and oligodendrocytes are the two types of macroglia that help maintain neurons and support
the existing neuronal circuitry (Chung et al., 2015; Costa et al., 2009; Freeman & Rowitch,
2013). Macroglia, unlike microglia, are derived from the same cortical progenitors as neurons.
To generate macroglia, RGPs undergo a neurogenic to gliogenic switch between E16 and E17
(Bayraktar et al., 2014; Kriegstein & Alvarez-Buylla, 2009), during which approximately 16%
of RGPs transition to gliogenesis (Gao et al., 2014). While there is much to discover about this
process, the field has some understanding of the molecular states that progenitors must acquire
to generate glia.

Previous studies have shed light on the roles of Sox9 and Nfia during this process. In
the developing mouse and chick spinal cord, SOX9 initiates gliogenesis by binding to the
NFIA-el23 enhancer upstream of Nfia. This leads to expression of Nfia, thereby initiating the
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gliogenic period for progenitors (Kang et al., 2012). Then, both SOX9 and NFIA form a
complex and subsequently activate a set of progliogenic genes, including Mmd?2 and Apccdl
(Kangetal., 2012). Mmd?2 was shown to be required for astrocyte precursor proliferation, while
Apcedl promotes migration of those precursors to their final destinations (Kang et al., 2012).

Olig2 and epidermal growth factor receptor (Egfr) are well-known genes crucial for
cortical gliogenesis. Olig2 encodes a basic helix-loop-helix (bHLH) transcription factor
expressed by multipotent glial precursors in the SVZ of the dorsal forebrain and not by RGPs
within the VZ (Gao et al., 2025; Li et al., 2021; Marshall et al., 2005). OLIG2+ progenitors in
the SVZ exclusively generate glial cells in the rat dorsal pallium (Marshall et al., 2005). Using
a combination of MAGIC Marker lineage tracing and Olig2¢"¢, Clavreul and colleagues provide
evidence that nearly all cortical astrocytes can be traced back to an Olig2+ progenitor (Clavreul
et al., 2019). By combining scRNA-seq and lineage tracing analysis, Li and colleagues found
that the previously reported Olig2+ precursors as being central for the generation not only of
oligodendrocytes, but also for the majority of cortical astrocytes as well as olfactory bulb
neuroblasts (OBNBs) (Li et al., 2021). We now also know that basal multipotent intermediate
progenitors (bMIPCs), expressing Ascll, Egfr, and Ki67, are capable of dividing
asymmetrically to self-renew and generate distinct committed IPs for oligodendrocytes
(OPCs), astrocytes (alPs), and OBNBs (OBNB-IPs) (Li et al., 2021).

Li and colleagues also provide further evidence for a subtype of RGP that delaminates
from the VZ and translocates into the cortical laminae to generate astrocytes locally (Li et al.,
2021), adding to previous evidence for the existence of such progenitors (Clavreul et al., 2019).
Local generation of astrocytes in the cortical laminae is not new, though previous data
supported the existence of a population of mitotic immature astrocytes (Ge et al., 2012). Unlike
the tidy columnar organization of neuron clones, astrocyte clones vary in their spatial
characteristics from highly clustered to interspersed and mixed with neighbouring clones
(Clavreul et al., 2019). Despite these advances, we still do not have a clear picture of the
molecular mechanisms that control cortical astrocyte production. The subsequent parts of this

introduction touch on the signaling pathways currently known to be required for gliogenesis.

5.2.1 EGFR’s Key Role in Cortical Gliogenesis

EGFR is a receptor tyrosine kinase (RTK) that when bound to a ligand, such as EGF, transduces
extracellular signals via intracellular signaling pathways like the MAPK pathway (Holbro &
Hynes, 2004). EGFR can itself also be activated by other receptors via Janus kinase 2 (JAK2),

a non-receptor tyrosine kinase (Holbro & Hynes, 2004). Egfr expression is dynamic, with low
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levels of expression until E15, thereafter expression ramps up within the VZ as RGPs prepare
to make the gliogenic switch (Sun et al., 2005). Data from multiple early studies suggest that
Egfr expression is essential for glial cell generation in the mammalian cortex (Burrows et al.,
1997; Sibilia et al., 1998; Sun et al., 2005). Burrows and colleagues performed elegant
retroviral infection experiments to determine whether Egfr was instructive in gliogenesis by
overexpressing Egfr in progenitors in the VZ both in vivo and in vitro (Burrows et al., 1997).
They showed that the extra EGFRs in progenitors led to an increase in cells expressing S1003
and glial fibrillary acidic protein (GFAP) (Burrows et al., 1997), classical astrocyte markers.
Moreover, Egfr knockout leads to impairment in the proliferative abilities of primary
astrocytes isolated from P1 mice (Sibilia et al., 1998). Later studies have shown that the
gliogenic program is also sensitive to the dosage of Egfr (Zhang et al., 2020; Zhang et al.,
2023). Work from our group, as well as collaborators, reaffirms that EGFR is indispensable for
gliogenesis, as Egfr-cKO cortices have no astrocytes from the Emx/-lineage (Beattie et al.,
2017; Zhang et al., 2023). Finally, recently published data revealed that alPs and OBNB-IPs,
but not oligoIPs, continue to express Egfi (Gao et al., 2025), further cementing Egfi’s key role

in astrocyte production in the cortex.

5.2.2 JAK/STAT’s Influence on the Onset of Astrocyte Production

JAK and signal transducer and activator of transcription (STAT) signaling has also been
implicated in astrocyte differentiation. JAKs (JAK1/2) are intermediaries between cytokine
receptors, like LIFR and gp130, and STATSs. Their function is to detect receptor activation and
dimerization and subsequently phosphorylate the host receptor at specific tyrosine residues,
which then act as binding sites for Src homology 2-containing signaling proteins like STATS
and STAT3 to become phosphorylated (Stahl et al., 1995). Once phosphorylated, STATs
dimerize and translocate into the nucleus, where they directly activate transcription of target
genes (Hu et al., 2021). Gfap is a well-known target gene for JAK/STAT signaling, as it has a
STAT3 binding site in its promotor region (Bonni et al., 1997; Brenner & Messing, 2021).
Several reports claim that JAK/STAT and their target genes, like Gfap, influence the
onset of gliogenesis. Indeed, by modulating JAK-STAT activity up or down, one group
reported acceleration or inhibition of the onset of gliogenesis, respectively (He et al., 2005).
Altering the epigenetic processes that regulate JAK/STAT target gene expression supports the
hypothesis that they play a central role in gliogenesis. Precocious expression of Gfap in Dnmt 1
cKO mice resulted in early differentiation of progenitors into GFAP+ and S100B+ cells,

resembling immature astrocytes (Fan et al., 2005). Therefore, through modulation of
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JAK/STAT activity directly and activation of downstream targets, data support that
JAK/STATS play an important role in cortical gliogenesis.

5.2.3 NOTCH Signaling as a Regulator of Gliogenesis

NOTCH signaling is also thought to regulate gliogenesis in the murine nervous system (Wang
& Barres, 2000). Unlike the previously discussed signaling pathways, NOTCH signaling relies
on direct cell-to-cell contact between a cell expressing one of the NOTCH receptors
(NOTCH1-4) and a neighbouring cell expressing a ligand (Delta-like ligand 1,3,4 and Jagged
1,2) (Kopan & Ilagan, 2009). When a NOTCH receptor becomes activated by contact with a
ligand, the intracellular domain of NOTCH (NICD) is cleaved by proteases and internalized
and trafficked to the cell nucleus (Pierfelice et al., 2011). Once inside the nucleus, the NICD
associates with RBPJ and MAML proteins to activate transcription of a slew of target genes,
like Hes genes (Pierfelice et al., 2011). HES1/5 proteins actively repress pro-neural identity by
inhibiting pro-neural bHLH genes, like Neurogenin2 and Mashl in the dorsal forebrain (Nieto
et al., 2001). Therefore, cells with activated NOTCH receptors are instructed to retain their
progenitor identity.

Experiments in the neural crest showed that, in addition to preserving progenitor
identity, NOTCH signaling could drive glial cell specification (Morrison et al., 2000). Work in
mammalian cells supports the model of NOTCH as a progliogenic signal. Activation of
NOTCH receptors in murine neurospheres led to a marked increase in the rate of astrocyte
production and differentiation, and consequently an expansion of the astrocyte population
(Grandbarbe et al., 2003). NOTCH not only promotes astrocyte production but, in the Zebrafish
spinal cord, it is also required for OPC specification. Interestingly, NOTCH signaling later
inhibits oligodendrocyte production (Park & Appel, 2003). Such data highlights the importance
of understanding how the context in which signaling pathways operate also influences the

resulting biological output.

5.2.4 ERK Signaling as a Pro-Gliogenic Pathway in the Mouse Cortex

The extracellular signal-regulated kinase (ERK) pathway is a highly conserved cascade that
controls cell proliferation and differentiation in response to extracellular signals (Cargnello &
Roux, 2011). The core ERK signaling cascade is activated by RTKs that phosphorylate RAS
proteins near the cell membrane, RAS then activates RAF, RAF in turn phosphorylates the
active region of MEK1/2, it is the MEKs which finally phosphorylate the ERKs (Cargnello &
Roux, 2011). p-ERK1/2, the most well-studied, then directly activate a number of downstream
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targets in various subcellular compartments, most notably a slew of nuclear transcription
factors called E26 transformation-specific (ETS) transcription factors (Lavoie et al., 2020).
Some key functions directly mediated by ERK1/2 include cell proliferation, survival, growth,
metabolism, and differentiation (Lavoie et al., 2020).

Given its central role in basic cellular functions, it is no surprise that the ERK signaling
pathway has been implicated in several processes during cortical development. ERK1/2 are
approximately 83% identical in their amino acid sequence (Boulton et al., 1991; Boulton et al.,
1990). They are also functionally redundant in the developing mouse embryo, as ectopic
expression of Erkl can rescue the severe defects caused by Erk2 deletion (Fremin et al., 2015).
Despite the ability of ERK1 to compensate for the loss of ERK2, Erkl deletions themselves
seem to be relatively harmless to the developing embryo (Aouadi et al., 2006; Fremin et al.,
2015).

Using an hGFAP-Cre promotor to delete Erk2 in the mouse cortex, Samuels and
colleagues found that Erk2 deletion in cortical RGPs resulted in a reduced cortical thickness
due to a diminished neuronal population throughout the cortical laminae (Samuels et al., 2008).
Interestingly, they find an increase in cortical astrocytes (Samuels et al., 2008). A later study
focusing on MEK1/2, the kinases directly upstream of ERK1/2, reported contradictory findings
as it demonstrated that Mek1/2 deletion severely disrupted the gliogenic program. Conversely,
they find that constitutively active MEK1 led to an expanded astrocyte pool (Li et al., 2012).

Another study deleted both Erk//2 in mouse cortex using a Nestin-Cre driver to target
the neural tissues. They find that deletion of Erk2 alone results in a decrease in astrocyte
numbers, but deletion of Erkl/2 together exaggerate the phenotype (Imamura et al., 2010).
These data indicate that gliogenesis is sensitive to Erkl/2 dosage. More recent data postulates
a context-dependent role for ERK signaling. During neurogenesis, ERK-BMP7-GLI3R
signaling actively creates a positive feedback loop by antagonizing sonic hedgehog signaling
(Sun et al., 2024). In the late stages of development, p-ERK and GLI3 co-bind to promotors
and enhancers to activate transcription of pro-gliogenic genes, like Egfi and Olig2, and activate
Cendl/2 and Cdk4/6 (Gao et al., 2025). Taken together, these studies have explored the role of
ERKs in cortical development and revealed that they are crucial for regulating both the
neurogenic and gliogenic developmental programs in mammals. Their precise roles, however,

remain unclear due to conflicting data and lack of single-cell resolution in prior studies.
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5.3 Pten in Astrocyte Development and Disease

As previously introduced in this thesis, PTEN plays significant roles in stem cell renewal and
maintenance in cortical progenitors (Ginn-Pease & Eng, 2003; Groszer et al., 2006; Massague,
2004), but less is known about PTEN function in cortical gliogenesis. Pfen is a difficult gene
to study in cortical RGPs using conventional mouse cKO models, as Pten cKO using Nestin-
Cre and EmxI-Cre drivers in mice results in perinatal lethality at approximately PO and P10,
respectively (Chen et al., 2015; Groszer et al., 2001). As such, it is hard to follow up on the
role of Pten in gliogenesis. Many studies which have explored the role of Pten in cortical cell
types did so using drivers that target postnatal neurons, like NEX-Cre (Kazdoba et al., 2012).
A more recent study found only moderate increases in S1008+ and OLIG2+ glial cell numbers
in the cortices of Pten heterozygous mice, possibly indicating Pten dosage sensitivity (Chen et
al., 2015). Chen and colleagues could not address the molecular mechanism likely responsible
for the over production of glial cell types in their mouse model. Does Pfen influence the
decision to transition to gliogenesis? How is the quantitative glial output of an RGP reined in
by functional PTEN during gliogenesis?

Pten mutations have not only been implicated in glial development, but also in
abnormal expansions of glial populations in adult Pten mouse models as well as in humans.
Previous reports indicate that PTEN mutations can facilitate the formation of astrocytomas
(Furnari et al., 1997; Kwon et al., 2008). They report that even PTEN haploinsufficiency
significantly increased the development of grade 3 astrocytomas (Kwon et al., 2008) and
another group found that PTEN’s phosphatase activity is required for growth-suppression in in
vitro glioma cell lines (Furnari et al., 1997). Indeed, Gfap-Cre mediated ablation of Pten in
adult mouse astrocytes results in aberrant proliferation (Fraser et al., 2004). Even though the
link between Pten mutations and glial tumors is well established, Pten’s precise role is not well
understood. It is for these reasons that it is essential to understand how Pten influences

gliogenesis at the single progenitor level during cortical development.

5.4 Results

5.4.1 Experimental MADM Breedings for Analyzing the Role of Pten in
Gliogenesis

To dissect Pten’s cell-autonomous and non-cell-autonomous functions during gliogenesis, 1
generated one additional genotype to the ones previously discussed in section 4.5.1 of this

thesis, the cKO-Pten-M ADM mouse model. I quantified a variety of phenotypic characteristics
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in Control-MADM (MADM-19977%;  Emx1<"¢*), Pten-MADM (MADM-1907/7C Pren-flox,
Emx1°¢"), and cKO-Pten-MADM (MADM-1967 Pren-flox /TG, Pien-flox, Fryy 1Cre/*y (Figure 20A-C).
Mice from all three genotypes could be generated through one single breeding paradigm
(Figure 20D, bottom row) and littermates were used when available. Experimental mice used
in this chapter range in age from PO to P28 and ages are explicitly stated in each analysis. The
three genotypes used here present us with the opportunity to subtract the phenotype observed
in cKO-Pten-MADM from that of Pten-MADM mutant cells, to parse out the precise cell-

autonomous and non-cell-autonomous functions of Pfen in gliogenesis at the single cell level.

[A  control-MADM wild-type |[B  Pten-MADM genetic mosaic || C ckO-Pten-MADM conditional KO |
&+ @ /8 Ptent/* Y] @ /3 Ptent/* @ » Pten--
5D G ¢/¥ Ptent/t i/ Pten - ' ' Pten /-

@ Pten */* . @ Pten /- 2 @ Pten /-
@ @ e» €

D Generation of control-MADM mice Experimental MADM mice
e GT Cre TG Cre
pE— X ; > ;

TG GT Cre GT +

Generation of Pten-MADM mice

TG Pten-l GT Cre TG Pten-l Cre

TG + GT Cre GT + +
Generation of cKO-Pten-MADM mice

TG Pten-l GT Pten-fl Cre TG Pten-l Cre
X ; -»> H

TG + GT Cre GT Pten-l +

Figure 20. Experimental paradigms to study Pten at single cell resolution using MADM.

(A) Control-MADM brains contain sparse labeling without additional genetic manipulation. All cells in the tissue

are control for the GOI.

/-

(B) Pten-MADM experimental brains are sparse genetic mosaics. GFP+ cells carry Pten” alleles, while

+H+

tdTomato+ cells carry Pten"" alleles. They therefore serve as additional internal controls.

(C) cKO-Pten-MADM experimental brains are conditional knockouts for Pten in the Emx/ lineage. All cells,
including GFP+ and tdT+ cells, carry Pten” alleles.

(D) The breeding schemes for all respective genotypes. Although control-MADM, Pten-MADM, and cKO-Pten-
MADM mice can be generated through dedicated breeding pairs, most control-MADM and Pten-MADM mice in
this study were generated from the cKO- Pten-MADM breeding pairs.
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5.4.2 Pten Mutation Expands Glial Production in the Mouse Neocortex

A small proportion of the RGPs remaining after neurogenesis must undergo a switch from
neurogenesis to gliogenesis. | therefore aimed to study the role of Pfen during gliogenesis.
Pten-MADM mice survive well into adulthood, providing an ideal opportunity to quantify the
output of Pten”” progenitors during gliogenesis. We utilized Control-MADM (Figure 21A-B)
and Pten-MADM (Figure 21D-E) to quantify the astrocyte population at P21, cKO-Pten-
MADM mice do not survive and are therefore not included in the P21 analysis. Astrocytes are
easily distinguishable from their morphology alone, and no astrocyte markers were used in
these quantifications.

Whereas Control-MADM showed a G/R ratio of approximately 1 (SEM+0.06156)
(Figure 22C), we found a 5-fold cell-autonomous increase (SEM=0.3856) in Pfen-mutant
astrocytes in our Pten-MADM mice (Figure 22F). I then sought to determine whether the
excess astrocytes were a result from an expanded astrocyte progenitor pool. Astrocytes arise
from a population of alPs, which can be labeled with brain lipid-binding protein (BLBP) (Feng
et al., 1994). Therefore, I performed a time course from PO to P7 in all three experimental
genotypes (Figure 22A-C), to determine whether alP abundance was also increased within the
Pten mutant population. I found significant increases in GFP+BLBP+ mutant cells in the cortex
of both Pten-MADM (0.03476, SEM=#0.00194) and cKO-Pten-MADM (0.03476,
SEM=0.003501) brains compared to control (0.02267, SEM+0.0012) at PO (Figure 22D). The
BLBP+ alP pool further increased in both Pten-MADM (0.07097, SEM+0.008941) and cKO-
Pten-MADM (0.08631, SEM+0.01441) compared to control (0.03204, SEM+0.00175) at P7,
indicating that the greater astrocyte numbers are, at least partially, the result of an enlarged alP

pool.
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Figure 21. Pfen deletion results in a cell-autonomous increase in the astrocyte population at P21.

(A-B) Confocal image of 35 pm thick section of a MADM-19°"7C; Emx1** hemisphere at 20x magnification.

Scale bar indicates 500 um. Inset image of cortex of 35um thick section of MADM-1957TG; Emx 17", Scale bar

indicates 50 pm.

(C) Quantification of the green to red ratio (G/R) of astrocytes in MADM-19°77¢; Emx1¢7* cortices, each dot
indicates one animal (minimum of five sections counted per animal). Mean = 0.9675, bars show SEM+0.06156.

Data shown is mean + SEM. (Quantified by Ximena Contreras)

(D-E) Confocal image of 35um thick section of a MADM-19CTTGPenflox. Fyyx €¢* hemisphere at 20x
magnification. Scale bar indicates 500 pm. Inset image of cortex of 35um thick section of MADM-]9C7/T0 Prenfiox .

Emx1¢". Scale bar indicates 50 pm.

(F) Quantification of the green to red ratio (G/R) of astrocytes in MADM-19C7TCL renflox. Epx [€¢'* cortices, each
dot indicates one animal (minimum of five sections counted per animal). G/R ratio is increased, indicating a larger

GFP+ mutant astrocyte population. Mean = 5.155, bars show SEM#+0.3856. Data shown is mean + SEM.

(Quantified by Ximena Contreras)
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Figure 22. Pten cell-autonomously controls the astrocyte intermediate progenitor pool size.

(A-C) Images of BLBP+ alPs in (A) Control-MADM, (B) Pten-MADM, and (C) cKO-Pten-MADM cortices at
PO. Scale bar indicates 20 pum.

(D) Quantification of BLBP+ double-positive cells outside of the VZ/SVZ at P0. Cells were quantified manually
and divided by the total number of MADM+ cells to attain the fraction of positive cells. Control-MADM and
cKO-Pten-MADM counts include both GFP+BLBP+ and tdTomato+BLBLP+ cells given that all cells are the
same genotype. Only GFP+ cells are shown for Pten-MADM. BLBP+ mutant cells from Pten-MADM (tan bar,
mean = 0.03476, SEM+0.00194) and cKO-Pten-MADM (white bar, mean = 0.03476, SEM+0.003501) were
significantly more abundant than in control (black bar, mean = 0.02267, SEM+0.0012). One-way Anova with
multiple comparisons Control vs Pten-MADM adj. p-value = 0.0007. Control-MADM vs cKO-Pten-MADM ad;.
p-value = 0.0051. **p<0.01, ***p<0.001. Data shown is mean = SEM.

(E-G) Images of BLBP+ alPs in (A) Control-MADM, (B) Pfen-MADM, and (C) cKO-Pten-MADM cortices at
P7. Scale bar indicates 20 pm.

(H) Quantification of BLBP+ double-positive cells outside of the VZ/SVZ at P7. Cells were quantified manually

and divided by the total number of MADM+ cells to attain the fraction of positive cells. Control-MADM and
cKO-Pten-MADM counts include both GFP+BLBP+ and tdTomato+BLBLP+ cells given that all cells are the
same genotype. Only GFP+ cells are shown for Pten-MADM. BLBP+ mutant cells from Pten-MADM (tan bar,
mean = 0.07097, SEM+0.008941) and cKO-Pten-MADM (white bar, mean = 0.08631, SEM+0.01441) were
significantly more abundant than in control (black bar, mean = 0.03204, SEM+0.001750). One-way Anova with
multiple comparisons. Control vs Pten-MADM adj. p-value = 0.0306. Control-MADM vs cKO-Pten-MADM adj.
p-value = 0.0091. *p<0.05, **p<0.01. Data shown is mean + SEM.
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5.4.3 Pten Deletion Prolongs the Gliogenic Period and Results in Larger
Astrocyte Clones

Gliogenesis is reported to span only the first two postnatal weeks (Clavreul et al., 2019). 1
performed a time course analysis from P7 to 6 months to determine whether Pten deletion
perturbed the gliogenic window. I found that the astrocyte population is relatively similar at P7
(Control-MADM: mean = 0.092, SEM+0.013, Pten-MADM: mean = 0.127, SEM+0.026), and
begins to diverge thereafter (Figure 23A). From P14 (Control-MADM: mean = 0.150,
SEM=0.011, Pten-MADM: mean = 0.206, SEM+0.011) onwards, the fraction of astrocytes
within the overall cell population continued growing from the second to third postnatal weeks
(Figure 23A), while the WT astrocyte population plateaued at the second postnatal week.
Importantly, a two-way ANOVA analysis shows that there is a significant difference between
the two conditions as a whole.

I also observed that Pten-mutant astrocytes were often found in close proximity to one
another, at times resembling the columnar properties observed in neuron clones. We again took
a clonal approach to determine whether RGPs were producing larger clones in the absence of
Pten. To achieve this, pregnant control-MADM (MADM-19°77S: Emx1CreER"") and Pten-
MADM (MADM-19"7C: Emx]1CreER"") dams were injected with 2 mg tamoxifen at E12.5
to induce labeling of asymmetric clones (Figure 23B-C). I found that Pfen mutant clones
generated larger cohorts of astrocyte progeny at a significantly greater frequency than wild-
type counterparts (Fig. 2R). These results suggest that Pten plays a crucial role, not only in
determining the duration of the gliogenic window, but also in constraining glial output at the

clonal level.
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Figure 23. Perturbations to Pfen expression lead to a prolonged gliogenic period as well as a skew toward larger

astrocyte clones in the mouse cortex.

(A) Time course analysis of astrocyte abundance from P7 to 6 months of age. Astrocytes are similarly abundant
in both conditions at P7, but begin to diverge at P14. P7: Control-MADM: 0.092, SEM+0.013, Pten-MADM:
0.127, SEM+0.026. P14: Control-MADM: 0.150, SEM=+0.01, Pten-MADM: 0.206, SEM=0.011. P21: Control-
MADM: 0.149, SEM=+0.018, Pten-MADM: 0.237, SEM=0.033. 3mo: Control-MADM: 0.124, SEM=0.003, Pten-
MADM: 0.230, SEM#+0.019. 6mo: Control-MADM: 0.139, SEM+0.008, Pten-MADM: 0.212, SEM=+0.022. Two-
way Anova p-value = <0.0001. ****p<(0.0001. Data shown is mean + SEM.

(B) Astrocyte-containing asymmetric clones were analyzed. An asymmetric clone is defined as having a majority

population greater than 4 neurons and a minority population less than or equal or 3 neurons.

C) Representative image of an astrocyte-containing clone in a MADM-1967TGPtenfl: Eyyx ] CreERY" mouse
P g g

injected at E12 and collected at P28. Scale bar represents approximately 50 pm.

(D) Quantification of large astrocyte clones (=20 astrocytes). No large astrocyte clones were observed in the
Control-MADM clonal cortices, while approximately 1/3 of all astrocyte clones had 20 or more astrocytes in the

Pten-MADM clonal cortices. Fisher’s exact test p-value = 0.0470, *p<0.05
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5.4.4 Pten-Mutant Astrocytes are Morphologically Distinct Compared to Control

Given that mTOR is known to control cell size, and that Pren-mutant neurons become
hypertrophic, 1 decided to also characterize the morphological changes of Pten-mutant
astrocytes. Astrocytes from layers II/IIl were chosen for this portion of the study in order to
minimize heterogeneity. I selected isolated astrocytes to facilitate an accurate morphological
reconstruction and analysis, and these astrocytes were then imaged with a 63x oil-immersion
objective. The z-stacks were then processed using Imaris software for 3D reconstruction. I
observed altered astrocyte morphology in our Pten-MADM (Figure 24 C-D) model mice
compared to Control-MADM mice (Figure 24 A-B). 3D reconstruction and Sholl analysis of
Pten mutant astrocytes revealed a significantly more complex branching compared to control
astrocytes (Figure 24E). In addition to altered branching complexity, I found that cytoplasmic
volume was significantly increased in Pten-mutant astrocytes (mean = 15810, SEM+1459)
compared to control (mean = 9337, SEM=*836.2) (Figure 24F), similar to the neuronal
hypertrophy associated with Pfen mutations. Pfen-mutant astrocytes (mean = 680.4,
SEM=24.38) had nuclear volumes twice as large as control astrocytes (mean = 301.4,
SEM=+17.43) (Figure 24G). These data suggest that Pten is critical for astrocyte morphology
and for constraining glial output during cortical development, the signaling pathways upon

which Pten acts to achieve this however, remain unclear.
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Figure 24. Astrocyte morphology is significantly altered by Pten deletion.
(A) Representative 63x image of a Pten™" astrocyte in layers TI/I11.

(B) Tracing of astrocyte processes using Imaris reconstruction.

/

(C) Representative 63x image of a Pten™ astrocyte in layers II/II1.

(D) Tracing of Pten-mutant astrocyte processes using Imaris reconstruction.

(E) Sholl analysis using Imaris software Data shown is mean + SEM. Two-way anova p-value for genotype =

<0.0001.

(F) Astrocyte cytoplasmic volume was measured using Imaris software. Control-MADM: mean = 9337,
SEM=836.2, Pten-MADM: mean = 15810, SEM+1459. Unpaired two-tailed t-test: p-value = 0.0004. ***p<0.001.

Data shown is mean = SEM.

(G) Astrocyte nuclear volume was measured using Imaris software. Control-MADM: mean =301.4, SEM+17.43,
Pten-MADM: mean = 680.4, SEM+24.38. Unpaired two-tailed t-test: p-value = <0.0001. ****p<0.0001. Data

shown is mean = SEM.
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5.4.5 Bulk-RNAseq of Isolated Astrocyte Population Reveals Deregulation in Key
Signaling Pathways

As introduced earlier in this chapter, several signaling pathways are reportedly responsible for
modulating the onset of gliogenesis (see section 5.2). In order to investigate the molecular
changes which may underlie the astrocyte overproduction in Pten mutants, I isolated a highly
pure astrocyte population from Control-MADM and Pten-MADM at PO and P4 (Figure 25A).
This was achieved by crossing our Pten-MADM mice with /acZ reporter mice (XGFAP-lacZ)
(Brenner et al., 1994) that express lacZ under the control of the human GFAP promoter. Such
an experimental set up allows us to specifically label cortically derived astrocytes (Amberg et
al., 2024; Amberg et al., 2022; Laukoter, Amberg, et al., 2020). I then used FACS to sort and
collect MADM-labeled astrocytes (GFP+lacZ+) from both Control-MADM and Pten-MADM
at PO and P4 (Figure 25A), neurons (GFP+lacZ-) were not used for this analysis. Samples from

both conditions and time points were sent off for library preparation and Smart-seqv2.

The Pten-flox allele in the Pten-MADM mouse model is not a complete gene deletion,
instead only exon 5 is floxed out (Groszer et al., 2001). Therefore, I quantified the Pten exon
5 reads in the purified astrocyte samples. The analysis confirmed that Pten exon 5 levels were
much lower in Pten” cells compared to Pten™ cells at both PO and P4 (Figure 25B). Principle
component analysis (PCA) using the top 500 variable genes showed that PO samples clustered
by genotype, while P4 samples clustered in a more condensed manner, indicating that

transcriptional differences were greater at PO than at P4 (Figure 25C).

Quantification of differentially expressed genes (DEGs) concurred with the PCA plot,
showing greater numbers of DEGs in Pfen mutant cells at PO than at P4 (Figure 26A). Despite
being the same genotype, PO and P4 mutant cells did not share many up- (Figure 26B) or down-
regulated genes (Figure 26C), suggesting a significant change in the transcriptional landscape
between these time points. Two interesting shared DEGs at PO and P4 included S700al, Rgcc,
as up-regulated DEGs (Figure 26B). S100al belongs to the same family of genes as the
canonical astrocyte marker, S7/00f, while Rgcc is involved in cell cycle regulation. Shared
down-regulated DEGs include Ssbp2 and Spint2, both tumor suppressors, Trim67, which
encodes a negative regulator of Ras signaling. PO astrocytes up-regulated many genes involved
in cell cycle regulation (Figure 27A) as well as pro-gliogenic genes (Figure 27B). Both plots
contain various genes involved in MAPK signaling (Peal5a, Fgfrl/3, and Etv5), as well as
genes downstream of JAK-STAT (Gfap) and NOTCH signaling (Notch2 and Hes5). Gene
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Ontology (GO)-term analysis of PO DEGs indicated a significant overrepresentation of genes
involved in progenitor proliferation and glial cell fate specification (Figure 27C) and
downregulation of genes involved in various processes involved in neurogenesis (Figure 27D).
Using the same pipeline as PO, I found deregulation of a handful of genes at P4 annotated as
performing functions in progenitors (Figure 28A) as well as glial cell fate specification (Figure
28B). Interestingly, the overrepresented GO terms at P4 did not include progenitor proliferation

terms like PO, instead many differentiation terms were present (Figure 28C).

I took the significant DEGs from both PO and P4, added genes (yellow text) from the
several central signaling pathways whose components were present in the DEGs (Figures 27A-
B, 28A-B) and performed a STRING network analysis (Figure 29A). STRING network
analysis is used to predict functional associations between proteins (von Mering et al., 2003).
The PO (Figure 29B) and P4 (Figure 29C) networks are strikingly different. One key difference
is the presence of a cluster of DEGs involved in cell cycle regulation (cluster headed by Mki67)
in PO (Figure 29B). This cluster was not found in P4 samples, indicating an acute deregulation
of cell cycle genes at PO. According to a betweenness centrality test, Mapk3 is very central to
the PO network, indicating it interacts with many genes in the network (Figure 29B yellow-
green fill). Taken together, the bulk transcriptomic data presented in this section suggests an
acute deregulation of key cell cycle genes in astrocyte progenitors present at PO. Finally, the
STRING network analysis presented various possible targets, which may be involved in

promoting the Pfen-mutant astrocyte overproduction phenotype.
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Figure 25. Labeling and isolation of highly purified astrocyte population.

(A) Experimental paradigm to isolate MADM-LacZ double-positive astrocyte population within the mouse cortex.
MADM mice were crossed with mice carrying a LacZ gene under the control of AGFAP promotor. Mice were

collected at PO and P4, the cortex was isolated, and dissociated into a single-cell suspension. Cells were then

sorted using FACS and sequenced.

(B) Normalized Pten expression at PO and P4 in purified green astrocytes from control-MADM and Pten-MADM.

Each dot represents a sample of pooled astrocytes (approximately 500 cells).

(C) PCA plot of control and Pten-mutant astrocyte samples at PO and P4. PO astrocytes cluster based upon
genotype, indicating a significant difference between control and mutant. P4 astrocytes cluster closer together,

hinting at a smaller change in the transcriptomic landscape. Each dot/triangle represents a sample of pooled

astrocytes (approximately 500 cells).
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Figure 26. PO and P4 astrocyte DEGs differ significantly between the two time points.

(A) Number of DEGs (Paj< 0.1, DESeq2) upon comparison of Pten” mutant (from Pten-MADM) cells
to Pten™" cells in control-MADM at PO and P4. “Up” indicates genes up-regulated in Pten”’~ mutant astrocytes,

while “Down” refers to genes down-regulated in Pten'~ mutant astrocytes when compared to Pten™" astrocytes.

(B-C) Overlap analysis of DEGs at PO and P4. Pten”” mutant astrocytes share only a small minority of DEGs
between time points. Analysis includes all DEGs from panel A. Numbers indicate number of DEGs, parenthesis

indicate percent of genes.
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Figure 27. Prominent deregulation of cell cycle genes in Pten” astrocytes at PO.
(A) Bar plot of cell cycle-related DEGs in PO astrocytes according to GO annotation.

(B) Bar plot of gliogenesis-related DEGs in PO astrocytes according to GO annotation.

(C-D) Dot plots of top 20 overrepresented and underrepresented GO terms for PO astrocytes. Dot size shows the

percent of genes within that term that were present. Color fill shows significance using the adjusted p-value.
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Figure 28. Pten” astrocytes at P4 show only moderate transcriptional deregulation.
(A) Bar plot of progenitor-related DEGs in P4 astrocytes according to GO annotation.

(B) Bar plot of glial cell-related DEGs in P4 astrocytes according to GO annotation.

(C-D) Dot plots of top 20 overrepresented and underrepresented GO terms for P4 astrocytes. Dot size shows the

percent of genes within that term that were present. Color fill shows significance using the adjusted p-value.
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Figure 29. STRING network analysis reveals several central signaling pathways as possible mediators of Pten-

mutant astrocyte overproliferation.

(A) Experimental setup for STRING network analysis. All genes with P.gj < 0.05, as well as a few additional genes
of interest, were included in the STRING network input. The network was then used to generate potential targets

for study in vivo.

(B) PO STRING network shows a prominent clustering of cell cycle genes with Mki67 as a highly central node in
the network. Mapk3, Gfap, and Egfr are also highly central nodes in the network, though these genes were added

in silico. Genes added in silico are marked with yellow font. Red edges indicate a first-degree neighbor of Pten.

(C) P4 STRING network differs greatly from the PO network. Mapk3, Jak2, and Mtor are highly central nodes in
the network, though these genes were added in silico. Genes added in silico are marked with yellow font (red for

Mapk3 due to fill). Red edges indicate a first-degree neighbor of Pten.
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5.4.6 Egfr Requirement during Gliogenesis is overridden by Pten Deletion

Reports from our group, as well as from earlier studies, and the previous network analysis at
PO/P4 indicate that Egfr is central to glial development (Beattie et al., 2017; Burrows et al.,
1997; Sun et al., 2005; Zhang et al., 2020). I assessed whether the astrocyte overproduction
observed in Pten mutant populations depends on functional Egfi by combining a Pten-MADM
mosaic with an Egfr cKO model. To achieve this, parental matings were set up by the
Preclinical Facility (PCF) to breed in an Egfr-flox allele (Lee & Threadgill, 2009) into mice
carrying MADM-19 cassettes and a Pren-flox allele (Figure 30A). I then carried out the
experimental breedings to generate 4 distinct genotypes (Figure 30B). Control-MADM
(MADM-19977C: Emx1¢7*) and Pten-MADM (MADM-19¢7TGPienflox. Fyyy JCre/*y were
previously described in the preceding chapter (Figure 13A-B, Figure 31A-B and C-D). Control-
MADM-Egfi-cKO (MADM-19¢7 TG Pienflox. pofifloxflox. ppy]€r¢*) is in essence a traditional
cKO, as all cells in the Emx! lineage lack Egfr (Figure 31E-F), with sparse MADM labeling in
addition. Green cells in Pten-MADM-Egfi-cKO (MADM-19¢7TGPienflox.  pofgifloviflox.
Emx1°¢") lack Pten and all cells in the Emx/ lineage lack both Egfi- alleles (Figure 31G-H).
Whereas in control-MADM animals I found the expected density of astrocytes,
approximately 5/mm? (Figure 311, black bar), there were few, if any, astrocytes upon ablation
of Egfr alone (control-MADM-Egfr-cKO) (Figure 311, orange bar), in line with previously
published data from our group (Beattie et al., 2017). These data support claims that EGFR
activity is inextricably linked to astrocyte production during normal cortical development. 1
proceeded to test the hypothesis by quantifying astrocyte density in Pten-MADM-Egfr-cKO.
Strikingly, Pten-Egfr double knockout astrocytes were not only present, but also significantly
increased in our Pten-MADM-Egfr-cKO model (Figure 311, blue bar) compared to Control-
MADM and Control-MADM-Egfi-cKO conditions. These data show the cell-autonomous Pten

loss of function phenotype (i.e., excessive astrocyte production) is Egf-independent.
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Figure 30. Breeding schemes test for Fgfr dependence in Pten astrocyte phenotype.

(A) Parental breeding scheme. Egfr-flox mice were paired with a mate carrying MADM19-TG-Pten or MADM19-
GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (TG-Pten or GT) and Egfi-
flox. F1 were crossed with MADM19-TG-Pten and MADM19-GT to achieve MADM cassette homozygosity. The

F, offspring were used for strain maintenance as well as experimental breedings.

(B) F offspring carrying MADM cassettes and Egfi-flox alleles were crossed to generate all four experimental

genotypes.

78




|  control-mADM || Pten-MADM || Quantification

|
20 — *
*%
~
g 15— *kk
— *k  kkk
7} ——
g
8 10—
bt _I_ m control-MADM
i O Pten-MADM
n @ control-MADM-Egfr-cKO
< B Pten-MADM-Egfr-cKO
O 5]
O_I c=
pen| @ O @ O
Esr | @ @ O O
Dose
.Full Dose
ONo Dose

Figure 31. Egfr Requirement during Gliogenesis is overridden by Pten Deletion

(A, C, E, G) Confocal image 35 pm thick of Control-MADM, Pten-MADM, Control-MADM-Egfi-cKO, and
Pten-MADM-Egfr-cKO, respectively. Scale bar cortex inset=50 pm.

(B, D, F, H) Cell genotype schemes representing the genotypes of cells within the 4 MADM paradigms,

respectively.

(I) Quantification of astrocyte density in the somatosensory cortex of P21 mice of the indicated genotypes. Each
dot represents one animal, with a minimum of 5 sections counted per animal. Control-MADM: mean = 4.587
astrocytes/mm?, SEM=+0.3433; Pten-MADM: mean = 9.010 astrocytes/mm?, SEM=0.7414; Control-MADM-
Egfr-cKO: mean = 0.2933 astrocytes/mm?, SEM+0.1304; Pten-MADM-Egfr-cKO: mean = 12.76 astrocytes/mm?,
SEM=+2.386. Multiple unpaired two-tailed t-tests. *p<0.05, **p<0.01, ***p<0.001. Data shown is mean £ SEM.
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5.4.7 Pten Deletion leads to Over-Activation of Key Signaling Pathways

I decided to take advantage of the cellular labeling MADM provides to conduct a set of single-
cell RNA sequencing experiments to uncover the transcriptomic changes underlying the Pten-
MADM astrocyte phenotype and its independence of EGFR requirement. I isolated cortical
tissue from Control-MADM, Pten-MADM, and Pten-MADM-Egfr-cKO PO mice, used FACS
to collect GFP™ cells from each of the three genetic paradigms with biological replicates and
subjected these samples to single cell RNA-Seq using particle-templated instant partition
sequencing (PIP-seq) (Figure 32A).

After initial quality control and filtering, I retained comparable numbers of cells per
sample for each MADM paradigm (Control-MADM: 704 cells/sample, Pten-MADM: 803
cells/sample, Pten-MADM-Egfr-cKO: 732 cells/sample) (Figure 32B). Standard quality
parameters were comparable across all samples (Figure 32C-E). Uniform manifold
approximation and projection (UMAP) did not identify noticeable batch effects (Figure 32F).
As a first pass analysis I identified projection neuron and non-projection neuron cell-types
(progenitors, macroglia and olfactory bulb neuroblasts) using unsupervised clustering in
combination with expression analysis of canonical marker genes for projection neurons and
non-projection neuron cell types (Figure 32G). Cells were initially categorized as either
projection neuron or non-projection neuron (Figure 32H). Analysis of the relative abundance
of these broad cell types identified an increase of non-projection neuron cell-types at the
expense of projection neurons in Pten-MADM and Pten-MADM-Egfr-cKO compared to
Control-MADM (Figure 32I).

To focus the analysis on glial cell types, I removed projection neurons and re-analysed
the resulting data set. Partial regression of cell cycle state followed by UMAP, unsupervised
clustering, marker expression (Figure 33A-B) and trajectory analyses (Figure 33C) confirmed
that oligodendrocytes (Oligo), astrocyte intermediate progenitors (alP), immature astrocytes
(Astro) as well as the common progenitor of all of these cell types (aNSC) were present in all
MADM paradigms. Visualizing relative cell type abundance identified significant differences
between cell types and genetic paradigm (Figure 33D, ANOVA p-values for cell-type: 0.002
and genotype: 0.0002). To reduce noise, I combined cells per cell type and genotype and found
significant increases for almost all cell types in Pten-MADM and Pten-MADM-Egfr-cKO
compared to Control-MADM (chi-square test, Figure 33E).

Leveraging the power of the sScCRNA-Seq data, I sought to identify molecular correlates

for the Egfr independence of the Pren-MADM phenotype. I hypothesized that transcriptomic
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changes induced by loss of Pten in Pten-MADM, are further perturbed by the additional loss
of Egfr, to allow for the sustained abnormal production of astrocytes in Pten-MADM-Egfr-
cKO. To specifically identify these perturbations I directly compared Pten-MADM-Egfr-
cKO/Pten-MADM and identified DEGs in the different cell types. Overall I identified 282
unique DEGs with the vast majority showing high cell type specificity (>92% show significant
differential expression in 1-2 cell types only, Figure 33F-G). Finally, we performed Integrative
Differential Expression and Gene Set Enrichment Analysis (iDEA) on the scRNA-Seq data to
identify possible biological processes connected to these changes. Specifically I focused on a
set of GO terms that included signaling cascades previously shown to be involved in Pten
and/or Egfr activity (Figure 29). Besides the expected differences in the Egfr signaling, the
analysis predicts specific perturbations of MAPK as well as JAK/STAT signaling upon
combined loss of Pten and Egfr (Figure 33H). Taken together, the histological experiments
provide evidence for an EGFR-independent gliogenic program in the cortex and based on the
scRNA-seq data, I hypothesize that MAPK and/or JAK/STAT signaling are critical for
gliogenesis in the absence of EGFR.

81



Single Cell RNA Sequencing Experimental Paradigm
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Figure 32. Deletion of Pfen and Egfi shifts relative abundance of cell types toward non-projection neuron

population.

(A) Schematic representation of experimental flow. Experimental mice were collected at PO, cortices were
extracted and dissociated, and GFP* cells from Control-MADM (3 cortices), Pten-MADM (5 cortices), Pten-
MADM-Egfr-cKO (3 cortices) were collected using FACS. GFP* cells were processed according to the PIP-seq
protocol, libraries were prepared in-house, and subsequently sent off for sequencing. Single cell sequencing data

was processed using the Seurat pipeline.

(B) All three genotypes had a similar average number of cells. Control-MADM: 704 cells/sample, Pten-MADM:
803 cells/sample, and Pten-MADM-Egfr-cKO: 732 cells/sample. Each dot represents one sample, each genotype

had a single sample with two pooled cortices.

(C-E) Standard measures of data quality. (C) Total number of unique genes found per cell in each of the individual
samples. (D) Number of RNA molecule reads per cell in each of the individual samples. (E) Percent of
mitochondrial RNA in each of the individual samples. Mitochondrial RNA is a measure of cell health at the time

of collection with lower values indicating higher quality. Each dot represents one individual cell.

(F) Collective UMAP of all cells regardless of genotype. Each sample is represented in one color according to the

figure legend. Control-MADM = Control 1-2, Pten-MADM = Pten 1-4, Pten-MADM-Egfi-cKO = PtenEgfr 1-2.
(G) Markers for neurons (Neurodl and Dcx) were used to identify projection and non-projection neuron cell types.

(H) UMAP with Super Group overlay. “Super Groups” were defined as projection neurons and non-projection

neuron cells.

(D) Relative abundance of super groups. Each dot represents a sample from each genotype. Data shown is mean.
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Figure 33. Genes from several critical pro-gliogenic signaling pathways are enriched in Pten/Egfr double mutant

alPs.

(A) Non-projection neuron cells were separated from projection neurons. Cell types were identified by using
canonical marker genes for the respective cell type. Astrocytes were identified with Aldoc, Aldhlll, and Gfap.
alPs were Aldoc, Aldhill, and Mki67 positive. OBNBs express Gad2 and DIx5, and Oligos express Cspg4 and
Pdgfra. aNSCs were identified by their expression of Mki67 and Cdkl.

(B) (Top) UMAP of combined samples per genotype. Each cell type was well represented within each genotype,
despite lower numbers in Control-MADM and Pten-MADM-Egfir-cKO. (Bottom) UMAP showing cell cycle
phase. Progenitors, both aNSCs and alPs, are classified as cycling cells (G2M and S phases) while Astros, OBNBs,
and Oligos were found to be postmitotic (G1 phase).

(C) Monocle3 trajectory analysis predicted that all cell types in the dataset originated from the aNSC population.
UMAP includes all cells from all genotypes.

(D) Relative cell type abundance shows increases across cell types in both mutant conditions. Each dot represents

one sample.

(E) Combined relative abundance data provides enough statistical power to determine significance. Observed
significant increases in many cell types in both Pten-MADM and Pten-MADM-Egfr-cKO (yellow with asterisk).
Chi-square test for significance. Pten-MADM/Control-MADM: OBNB P, = 6.87018x10°%, aIP P,qj = 0.044,
aNSC P.g = 2.29426x107, Astro P.j = 4.57553x107, Oligo P.q = 8.47824x10'2. Pten-MADM-Egfi-
cKO/Control-MADM: OBNB P,;; = 5.38823x10°, alP P.g; = 1.0, aNSC P.g = 3.79944x107'°, Astro P,y =
1.24599x10°, Oligo Pagj = 0.225800815. * indicates significance.

(F) Heatmap of up and down DEGs in Pften-MADM-Egfr-cKO compared to Pften-MADM. Score shows
significance of up DEG (red) and down DEG (blue).

(G) Quantification of the frequency at which any single DEG appears across cell types. The vast majority (~77%)

of DEGs in this analysis were unique to a single cell type.

(H) iDEA analysis of Pten-MADM-Egfi-cKO/Pten-MADM. The analysis indicates that terms related to MAPK
signaling are significantly overrepresented across cell types in the Pfen-MADM-Egfi-cKO samples. Score

indicates significance (score of 2 = significance).
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5.4.8 Deletion of Jak/Stat and Notch Signaling Components Does Not Rescue
Pten-Mutant Astrocyte Phenotype

The PIP-seq experiment hinted at deregulation in several signaling pathways, including
JAK/STAT and NOTCH. Previous studies also suggest crucial roles for JAK/STAT (Bonni et
al., 1997; He et al., 2005) and NOTCH signaling in gliogenesis (Gao et al., 2025; Grandbarbe
et al., 2003). To this end, I conducted a series of epistasis experiments, similar to the Pten-Egfr
experiment found in section 5.4.6 of this thesis, with Jakl, Jak2, Stat3, Stat5, Notchl to test
my hypothesis that the signaling cascades represented in the sequencing data are involved in
mediating astrocyte over-proliferation in Pten-mutant conditions. Given the sheer number of
experiments and genotypes, only the two most relevant conditions from each breeding are
shown in the figure for clarity.

Similar to the previous experiment, [ introduced a Notchi-flox allele into our MADM-
19 mouse lines (Figure 34A). The F> mice were bred to generate a Pten mosaic within a Notchl-
cKO background (Figure 34B). Due to preliminary results of ongoing experiments in the lab
(Casado et al., unpublished), I expected a drop in the astrocyte density in the absence of Notchl.
GFP" astrocytes (Pten™) in the Pten-MADM condition numbered approximately 8/mm?
(Figure 39D, black bar). I observed that GFP" astrocytes (Pten”", Notchl™") (Figure 39B-C) in
Pten-MADM-Notchl-cKO (MADM-19C¢7TGPienflox.— Nogep [flovflox. Emx €Y cortices
expanded significantly more than in Pten”” populations (Figure 39D, grey bar). These data not
only show that Notchl deletion does not rescue the Pten-mutant over-proliferation phenotype,
but also that synthetic effects seem to enhance proliferative capacity and in turn further increase
astrocyte output.

Given that literature and our own sequencing analysis implicated JAK/STAT in
gliogenesis, I next tested various components of the JAK/STAT signaling pathway. As
previously described, I bred in Stat3-flox, Stat5-flox, Jakl-flox, and Jak2-flox alleles into our
Pten-MADM lines (Figures 35-38, respectively). Pten-MADM-Stat3-cKO (MADM-
190T/TG Prenflox . Gpqy3floxiflox . e [T GFP* astrocytes (Pten”, Stat3”") (Figure 39E-F)
numbered approximately 7.7/mm?, similar to Pten-mutant astrocytes in Pten-MADM (Figure
39G). Likewise, GFP" astrocytes (Pten™, Stat57") (Figure 39H-I) in Pten-MADM-Stat5-cKO
cortices were equally abundant as those in Pten-MADM (Figure 39J). The two experiments
clearly refute the hypothesis that individual STATs could be involved in promoting the
astrocyte over-proliferation I observed in Pten-MADM mice, as I observed no rescue in either

Pten-MADM-Stat3-cKO or Pten-MADM-Stat5-cKO.

86



I also tested both Jakl/2 using a similar experimental setup, with some modifications.
Jak2 is on chromosome 19, the same chromosome as Pten, this presented a particularly
interesting opportunity to test for a Jak2 requirement at both the whole tissue (Pten-MADM-
Jak2-cKO) and single-cell levels (Pten-Jak2-MADM). A drawback to Jak2 being on
chromosome 19 is that the only comparison we can make is to GFP" astrocytes from Control-
MADM, as it is highly unlikely to get a Pten-MADM mouse from these breedings. GFP" and
tdTomato" cells in Pten-MADM-Jak2-cKO are both devoid of Jak2, along with the entire
tissue, and differ only in Pten status (Figure 39K-L). In this paradigm, I found that GFP"
astrocytes (Pten™, Jak2™") still significantly outnumbered those in Control-MADM (Figure
39M). On the other hand, GFP" and tdTomato" cells in Pten-Jak2-MADM differ in both Pten
and Jak2 status. GFP" cells lack both Pten and Jak2 (Pten™, Jak2”"), while tdTomato" cells
have intact alleles for both genes (Pten™", Jak2"") (Figure 39N-O). Here, I again find that the
Pten phenotype dominates, indicating that Jak?2 is not required during gliogenesis (Figure 39P).
Jakl deletion in combination with Pten also yielded negative results (Pten-MADM-Jak1-cKO)
(Figure 39Q-S). For completeness, and to ensure there were no compensatory effects between
Jakl and Jak2, I conducted a double-cKO experiment in conjunction with Pten-MADM (Pten-
MADM-Jakl1/Jak2-cKO). In this experiment GFP" cells lack Pten, Jakl, and Jak2 (Pten™,
Jakl™", Jak2™), while tdTomato" cells have intact alleles for Pten but lack Jakl, and Jak2
(Pten*”, Jakl™", Jak2") (Figure 39T-U). Once again, I found a significantly higher density of
GFP* (Pten”, Jakl™", Jak2") astrocytes in the Pten-MADM-Jak1/Jak2-cKO than in Control-
MADM (Figure 39V). Taken together, these analyses suggest that Pten mutant astrocytes

escape requirements for key components of well-known pro-gliogenic signaling cascades.
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Figure 34. Breeding schemes test for Notch dependence in Pten astrocyte phenotype.

(A) Parental breeding scheme. Notch-flox mice were paired with a mate carrying MADMI19-TG-Pten or

MADMI19-GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (TG-Pten or GT)
and Notch-flox. Fi were crossed with MADMI19-TG-Pten and MADM19-GT to achieve MADM cassette

homozygosity. The F, offspring were used for strain maintenance as well as experimental breedings.

(B) F» offspring carrying MADM cassettes and Notch-flox alleles were crossed to generate all four experimental

genotypes.
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Figure 35. Breeding schemes test for Stat3 dependence in Pten astrocyte phenotype.

(A) Parental breeding scheme. Stat3-flox mice were paired with a mate carrying MADMI19-TG-Pten or
MADMI19-GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (TG-Pten or GT)
and Stat3-flox. F; were crossed with MADMI19-TG-Pten and MADMI19-GT to achieve MADM cassette

homozygosity. The F, offspring were used for strain maintenance as well as experimental breedings.

(B) F» offspring carrying MADM cassettes and Stat3-flox alleles were crossed to generate all four experimental

genotypes.
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Figure 36. Breeding schemes test for Stat5 dependence in Pfen astrocyte phenotype.

(A) Parental breeding scheme. Stat5-flox mice were paired with a mate carrying MADMI19-TG-Pten or

MADMI19-GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (7G-Pten or GT)
and Stat5-flox. F; were crossed with MADMI19-TG-Pten and MADMI19-GT to achieve MADM cassette

homozygosity. The F; offspring were used for strain maintenance as well as experimental breedings.

(B) F: offspring carrying MADM cassettes and Stat5-flox alleles were crossed to generate all four experimental

genotypes.
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A Generation of mouse lines for Pten/Jak2-MADM and Pten-MADM-Jak2-cKO
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Figure 37. Breeding schemes test for Jak2 dependence in Pten astrocyte phenotype.

(A) Parental breeding scheme. Jak2-flox mice were paired with a mate carrying MADM19-TG-Pten or MADM19-

GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (7G-Pten or GT) and Jak2-
flox. F1 were crossed with MADM19-TG-Pten and MADM19-GT to achieve MADM cassette homozygosity. The

F, offspring were used for strain maintenance as well as experimental breedings.

(B) F» offspring carrying MADM cassettes and a TG-Pten-flox and Jak2-flox allele were crossed to generate the

two experimental genotypes.

(C) F; offspring carrying MADM cassettes and Jak2-flox alleles were crossed to generate all four experimental

genotypes.
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A Generation of mouse lines for Pten-MADM-Jak1-cKO
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Figure 38. Breeding schemes test for Jak/ dependence in Pten astrocyte phenotype.

(A) Parental breeding scheme. Jak!-flox mice were paired with a mate carrying MADM19-TG-Pten or MADM19-
GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (7G-Pten or GT) and Jakl-
flox. Fi were crossed with MADM19-7G-Pten and MADM19-GT to achieve MADM cassette homozygosity. The

F, offspring were used for strain maintenance as well as experimental breedings.

(B) F; offspring carrying MADM cassettes and JakI-flox alleles were crossed to generate all four experimental
genotypes.
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Figure 39. Pten-mutant astrocytes expand independently of Jak/Stat and Notch signaling.

(A) Diagram of logic behind the experimental design.

(B,E, H, K, N, Q, T) Confocal images 35 pum thick of Pten-MADM-Notchi-cKO, Pten-MADM-Stat3-cKO, Pten-
MADM-Stat5-cKO, Pten-MADM-Jak2-cKO, Pten/Jak2-MADM, Pten-MADM-Jakl-cKO, and Pten-MADM-

Jakl/2-cKO, respectively. Scale bar cortex inset=50 pum.
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(C,F, 1, L, O, R, U) Schematic representations of genotypes of tdTomato" and GFP™ cells within Pren-MADM-
Notchl-cKO, Pten-MADM-Stat3-cKO, Pten-MADM-Stat5-cKO, Pten-MADM-Jak2-cKO, Pten/Jak2-MADM,
Pten-MADM-Jakl-cKO, and Pten-MADM-Jakl/2-cKO, respectively.

(D) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Pten-MADM and Pten-
MADM-Notchi-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Pten-
MADM: mean = 7.825 astrocytes/mm?, SEM=0.4883; Pten-MADM-Notchl-cKO: mean = 30.680
astrocytes/mm?, SEM=3.315. Unpaired t-test p-value = 0.0024. **p<0.01.

(G) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Pten-MADM and Pten-
MADM-Stat3-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Pten-
MADM: mean = 8.064 astrocytes/mm?, SEM=1.021; Pten-MADM-Stat3-cKO: mean = 7.698 astrocytes/mm?,
SEM=1.433. Mann-Whitney test = 0.9048. ns = not significant.

(J) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Pten-MADM and Pten-MADM-
Stat5-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Pten-MADM:
mean = 8.158 astrocytes/mm?, SEM=*1.494; Pten-MADM-Stat5-cKO: mean = 6.114 astrocytes/mm?,
SEM=+0.3826. Welch’s t-test = 0.2674.

(M) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Control-MADM and Pten-
MADM-Jak2-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Control-
MADM: mean = 3.801 astrocytes/mm?, SEM=+0.3582; Pten-MADM-Jak2-cKO: mean = 6.852 astrocytes/mm?,
SEM=0.9736. Mann-Whitney test = 0.0357. *p<0.05.

(P) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Control-MADM and Pten/Jak2-
MADM. Each dot represents one animal, with a minimum of 5 sections counted per animal. Control-MADM:
mean = 6.575 astrocytes/mm?, SEM=0.6969; Pten/Jak2-MADM: mean = 13.18 astrocytes/mm?, SEM=1.652.
Mann-Whitney test = 0.0079. **p<0.001.

(S) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Pten-MADM and Pten-
MADM-Jakl-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Pten-
MADM: mean = 9.228 astrocytes/mm?, SEM=0.1522; Pten/Jak2-MADM: mean = 7.570 astrocytes/mm?,
SEM=0.8135. Mann-Whitney test = 0.1000. ns = not significant.

(V) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Control-MADM and Pten-
MADM-Jakl1/2-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Control-
MADM: mean = 2.916 astrocytes/mm?, SEM=0.2483; Pten-MADM-Jakl/2-cKO: mean = 6.296 astrocytes/mm?,
SEM=0.9638. Unpaired t-test p-value = 0.0332. *p<0.05.
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5.4.9 Pten-Mutant Astrocyte Expansion Depends on an Intact MAPK Signaling
Pathway

The scRNA-seq experiment also suggested that the MAPK signaling pathway could be
involved in promoting the expansion of the Pfen-mutant astrocyte population. To this end, I
generated Pfen mosaics using MADM, within an Erkl or Erk2 cKO tissue (Figure 40A-D).
GFP" and tdT" cells in Pten-MADM-Erk1-cKO are devoid of Erkl, along with the entire tissue,
and differ only in Pten status (Figure 41B-C). In this paradigm, I found that GFP" astrocytes
(Pten™, Erkl™") are present at similar densities as in Pten-MADM (Figure 41D). Similarly,
when Erk2 is ablated in combination with Pten (Pten-MADM-Erk2-cKO) (Figure 41E-F), 1
found no significant difference in the abundance of GFP" astrocytes (Pten™, Erk2"") compared
to Pten-MADM (Figure 41G). These results indicate that knockout of either Erkl or Erk2 is
not sufficient to rescue the over-proliferation found in Pten-mutant astrocyte populations.

I tested whether either Erk could compensate in the absence of the other. To achieve
this, I had to breed in both Erki-flox and Erk2-flox alleles into the established Pten-MADM
parental lines (Figure 40E). Parental lines were then crossed to generate offspring, of which
five genotypes were informative (Figure 40F). Control-MADM and Pten-MADM samples
have been previously described in this thesis (Figure 41 H-K). Pten-MADM-Erk1-cKO-Erk2-
het (Figure 41L-M) and Pten-MADM-Erkl-het-Erk2-cKO (Figure 41N-O) test whether a
single dose of one Erk can compensate for full loss of the other (i.e. whether a single Erkl
allele compensates for Erk2 LOF and vice-versa). Interestingly, I find that Pten-MADM-ErkI-
cKO-Erk2-het GFP" astrocytes (Pten™", Erkl”", Erk2*"") number approximately 10/mm?, and
thus are not reduced compared to Pten-MADM (Figure 41S, orange bar vs white bar). On the
other hand, GFP" astrocytes (Pten™, Erkl™", Erk2"") in Pten-MADM-ErkI-het-Erk2-cKO
number approximately 3.6/mm?, and are significantly reduced compared to both Pten-MADM
and Pten-MADM-Erkl-cKO-Erk2-het (Figure 4185, blue bar). These data indicate that a single
copy of Erk2 can compensate for Erk/-LOF (Figure 418, orange vs blue bar) and (2) the Pten
astrocyte over-proliferation phenotype is sensitive to perturbations to Erk/ and Erk2.

Finally, I quantified the triple-KO GFP" astrocytes (Pten™, Erkl”, Erk2™") in Pten-
MADM-Erkl-cKO-Erk2-cKO. GFP" astrocytes (Pten”, Erkl”, Erk2") in this paradigm
number approximately 1.8/mm?, a significant reduction compared to Pten-MADM (Figure 41R
beige vs white bar). tdTomato™ (Pten™", Erkl™”", Erk2”") astrocytes in Pten-MADM-ErkI-cKO-
Erk2-cKO were nearly absent, indicating that Erk1/2 are essential for gliogenesis (Figure 41S

beige bar). This conclusion is further supported when the neuron data are taken into account.
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GFP" neurons (Pten”, Erkl™”", Erk2”") in Pten-MADM-Erkl-cKO-Erk2-cKO did not differ
significantly in abundance to neurons in Pten-MADM (Figure 41T), indicating a specific pro-
gliogenic function for Erkl/2. In summary, the Mapk/Pten epistasis experiments reveal that
proliferation of Pten-mutant astrocyte populations depends on intact MAPK signaling, which

is essential for glionesis in “normal” Pten™" contexts.
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Figure 40. Breeding schemes test for Erkl and Erk2 dependence in Pten astrocyte phenotype.

(A) Parental breeding scheme. Erkl-flox mice were paired with a mate carrying MADMI19-TG-Pten or
MADMI19-GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (7G-Pten or GT)
and Erkl-flox. F; were crossed with MADMI19-TG-Pten and MADMI19-GT to achieve MADM cassette

homozygosity. The F; offspring were used for strain maintenance as well as experimental breedings.

(B) F» offspring carrying MADM cassettes and Erk/-flox alleles were crossed to generate all four experimental

genotypes.

(C) Parental breeding scheme. Erk2-flox mice were paired with a mate carrying MADM19-TG-Pten or MADM19-
GT cassettes. The F, offspring were heterozygous for the respective MADM cassette (7G-Pten or GT) and Erk2-
flox. F; were crossed with MADM19-TG-Pten and MADM19-GT to achieve MADM cassette homozygosity. The

F, offspring were used for strain maintenance as well as experimental breedings.

(D) F; offspring carrying MADM cassettes and Erk2-flox alleles were crossed to generate all four experimental

genotypes.

(E) Parental breeding scheme. Erkl/2-flox mice were paired with a mate carrying MADMI19-TG-Pten or
MADMI19-GT cassettes. The F; offspring were heterozygous for the respective MADM cassette (7G-Pten or GT)
and Erkl/2-flox. F; were crossed with MADMI19-TG-Pten and MADMI19-GT to achieve MADM cassette

homozygosity. The F; offspring were used for strain maintenance as well as experimental breedings.

(F) F» offspring carrying MADM cassettes and Erkl/2-flox alleles were crossed to generate all five experimental

genotypes.
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Figure 41. Erk1/2 are key mediators of astrocyte population expansion in Pfen knockout populations.
(A) Diagram of logic behind the experimental design.

(B,E, H,J, L, N, P) Confocal images 35 pm thick of Pten-MADM-Erki-cKO, Pten-MADM-Erk2-cKO, Control-
MADM, Pten-MADM, Pten-MADM-Erkl-cKO-Erk2-het, Pten-MADM-Erkl-het-Erk2-cKO, and Pten-
MADM-Erkl-cKO-Erk2-cKO, respectively. Scale bar cortex inset=50 pm.

(C,F, I, K, M, O, P) Schematic representations of genotypes of tdTomato" and GFP™ cells within Pten-MADM-
Erki-cKO, Pten-MADM-Erk2-cKO, Control-MADM, Pten-MADM, Pten-MADM-Erkl-cKO-Erk2-het, Pten-
MADM-Erkl-het-Erk2-cKO, and Pten-MADM-Erkl-cKO-Erk2-cKO.

(D) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Pfen-MADM and Pten-

MADM-Erkl-cKO. Each dot represents one animal, with a minimum of 4 sections counted per animal. Pten-
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MADM: mean = 8.096 astrocytes/mm?, SEM=0.8505; Pten-MADM-Erkl-cKO: mean = 8.102 astrocytes/mm?,
SEM=+1.287. Unpaired t-test p-value =. ns = not significant.

(G) Quantification of astrocyte density in the somatosensory cortex of P21 mice of Pfen-MADM and Pten-
MADM-Erk2-cKO. Each dot represents one animal, with a minimum of 5 sections counted per animal. Pten-
MADM: mean = 9.398 astrocytes/mm?, SEM*1.608; Pten-MADM-Erk2-cKO: mean = 7.122 astrocytes/mm?,
SEM=0.866. Mann-Whitney test = 0.1905. ns = not significant.

(R) Quantification of GFP* astrocyte density in the somatosensory cortex of P21 mice of Control-MADM (mean
= 3.209 astrocytes/mm?, SEM+0.3687), Pten-MADM (mean = 7.148 astrocytes/mm?, SEM=*0.5423), Pten-
MADM-Erk1-cKO-Erk2-het (mean = 9.744 astrocytes/mm?, SEM=*1.651), Pten-MADM-Erk]-het-Erk2-cKO
(mean = 3.612 astrocytes/mm?, SEM=0.8310), and Pten-MADM-Erkl-cKO-Erk2-cKO (mean = 1.770
astrocytes/mm?, SEM+0.6650). Each dot represents one animal, with a minimum of 5 sections counted per animal.
GFP+ astrocytes in Pten-MADM-Erkl-cKO-Erk2-cKO were significantly reduced compared to Pten-MADM
(one-way Anova, Tukey’s correction, p-value = 0.0071).

(S) Quantification of tdT* (Pten™* in all conditions) astrocyte density in the somatosensory cortex of P21 mice of
Control-MADM (mean = 3.222 astrocytes/mm?, SEM=0.2094), Pten-MADM (mean = 1.786 astrocytes/mm?,
SEM=+0.28.65), Pten-MADM-ErkI-cKO-Erk2-het (mean = 1.993 astrocytes/mm?, SEM+0.4533), Pten-MADM-
Erkl-het-Erk2-cKO (mean = 1.291 astrocytes/mm?, SEM=+0.3045), and Pten-MADM-Erkl-cKO-Erk2-cKO
(mean = 0.0770 astrocytes/mm?, SEM=0.0770). Each dot represents one animal, with a minimum of 5 sections
counted per animal.

(T) Quantification of GFP* neuron density in the somatosensory cortex of P21 mice of Control-MADM (mean =
22.97 neurons/mm?, SEM+1.810), Pten-MADM (mean = 28.26 neurons/mm?, SEM+0.8873), Pten-MADM-
Erk1-cKO-Erk2-het (mean = 34.88 neurons/mm?, SEM=*1.858), Pten-MADM-Erk1-het-Erk2-cKO (mean = 33.22
neurons/mm?, SEM+2.769), and Pten-MADM-Erk]-cKO-Erk2-cKO (mean = 33.59 neurons/mm?, SEM+3.072).

Each dot represents one animal, with a minimum of 4 sections counted per animal.
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5.5 Discussion

Previous literature reports that MAPK can modulate gliogenic processes during cortical
development. Conditional deletion of MEK1/2, key components of MAPK signaling, in the
developing cortex has shown that MAPK signaling is necessary for the neurogenic to gliogenic
switch (Li et al., 2012). Conflicting data suggests that Erk2 cKO actually increases astrocyte
production in their mouse models (Samuels et al., 2008). Nonetheless, it is evident that MAPK
components play a significant role in corticogenesis. Previous studies report both cytoplasmic
and nuclear interactions between PTEN and ERK1/2. PTEN’s cytoplasmic functions are
largely attributed to its role in negatively regulating downstream MTOR signaling (Chung &
Eng, 2005; Lee et al., 2018); on the other hand, reports suggest that nuclear PTEN arrests cell
cycle progression by downregulating cyclinD1 expression and limiting its exit from the nucleus
(Chung & Eng, 2005; Chung et al., 2006; Lee et al., 2018). Follow-up experiments showed that
PTEN achieves cell cycle arrest via cyclinD1 by reducing phosphorylation of ERK1/2 and
MEK1/2 (Chung et al., 2006). PTEN has been shown to indirectly regulate MAPK signaling
via inhibition of protein kinase C (PKC), and that certain isoforms of PKC can be activated by
PIP3 or AKT (Le Good et al., 1998; Toker et al., 1994). These data, along with my experimental
results, provide good evidence that deletion of Pten leads to direct hyper-activation of MAPK
signaling, thereby resulting in an over production of astrocytes in the cortex independently of
EGFR status (Figure 42).

Though, we do not yet know exactly in which way, if any, PTEN-MAPK signaling
components interact to achieve the astrocyte overproduction we observed. One can speculate
that it may occur via some of the reported interactions above, or even further upstream in the
pathway. It is also possible that PTEN LOF may result in cells which are hyper-sensitive to
external conditions, such as nutrient availability and hormone signaling, due to an
overactivation of mTOR signaling (Chung & Eng, 2005; Lee et al., 2018). Additionally, FGFRs
and their ligands were repeatedly found in DEG lists in our RNA-seq experiments, possibly
hinting at a deregulation of receptor gene expression. This data raises further questions, such
as whether the higher FGFR transcript abundance also translates to more receptors at the cell
surface, which could in turn lead to runaway MAPK signaling. Experiments to parse out these
fine details could provide further clarity, and could have implications in the clinical treatment
of certain cancers.

PTEN mutations are implicated in several varieties of cancers, some of which arise

from glial cell populations (Fenton et al., 2012). Glioblastoma multiforme (GBM) is one of the
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most common intracranial tumors that arises from astrocytes in adults and is associated with,
and oftentimes preceded by, PTEN LOF (Kwon et al., 2008; Ozawa et al., 2014). GBM is
frequently aggravated by either EGFR amplification or a hyperactivating mutation (An et al.,
2018) and oftentimes GBM patients are resistant to receptor-tyrosine kinase inhibitor drugs
(RTKI) meant to inhibit EGFR activity (An et al., 2018). The data presented in this section
provides evidence that gliogenesis can march on even without EGFR when combined with
PTEN LOF, somewhat mirroring the conditions described in PTEN-LOF-induced GBM
resistant to EGFR inhibitors.

It is interesting to speculate that future experiments could flesh out the intricacies of the
PTEN-MAPK signaling axis in EGFR-independent gliogenesis, which may provide new
pharmacological targets for patients with treatment-resistant GBM. Such experiments and their
results have the potential to significantly impact the lives of patients receiving treatment for
one of the several types of cancers caused by mutations to PTEN. Collectively, these data
present a novel study on the role of Pten throughout RGP lineage progression. For the first
time, these data show that the EGFR requirement can indeed be overridden during
development. I found that MAPK signaling is the linchpin of the Pren-mutant astrocyte
phenotype. More generally, I provide a template for studies to determine how LOF of a
combination of genes plays together to build the phenotype observed at the macro level using

MADM combinatorial analysis.
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Figure 42. Pten modulates cortical RGP output at distinct stages of lineage progression.

(A) Schematic model of Pfen’s roles in RGP lineage progression during neurogenesis and gliogenesis.

(B) Proposed model depicting the genetic interactions driving the Pten LOF phenotype.
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6 Conclusion

Despite the overwhelming quantity of research into mammalian cortical development, much
remains unknown about basic aspects of radial glia lineage progression. This thesis has
described some of the main processes in which Pfen plays a role. Early studies already reported
that Pten was essential for controlling neural progenitor population size, and humans with
mutations in PTEN often have enlarged brains. Previous studies on Pten found that it is a
difficult gene to study due to the early postnatal death of Pten cKO animals. By using MADM
to generate genetic mosaic, we bypass the perinatal lethality attributed to Pten cKOs and are
able to assess the progeny of single cortical progenitors. Using MADM, we discover that Pten
deletion alters the division patterns of progenitors, leading to early differentiation but also a
prolongation of symmetric proliferative divisions and increases the overall neuronal output of
individual RGPs. We find that not only neuron soma size is increased, but also nuclear volume
triples. Pten has long been attributed to a susceptibility to glioblastomas. Indeed, we find that
astrocytes numbers within the Pfen mutant population are drastically increased through an
amplification of alPs as well as increased output from RGPs. Taken together, Pten controls
brain size through negative regulation of progenitor proliferation dynamics, by constraining
cell soma and nucleus size, and asserting control of RGP output throughout both neurogenesis
and gliogenesis. We performed Bulk RNA-seq and were able to describe the pathways involved
in promoting Pten-mutant astrocyte population expansion, and used this data as a hypothesis
generator to test further candidate genes. By generating Pten mosaics within cKO tissues for
genes involved in EGFR, MAPK, Jak/Stat, and Notch signaling, we precisely dissect the
requirement for each of these pathways. We find that gliogenesis can take place in Pten-mutant
populations devoid of Egfr, despite the common assumption that EGFR is required for
gliogenesis. Finally, we report that the expansion of astrocytes in Pten mutants requires intact
Erkl/2. Astrocyte numbers are only impacted by deletion of at least both copies of Erk2 and
one copy of Erkl, not vice versa. These results indicate that Erk2 functions cannot be assumed
by the single Erkl copy. Deletion of both Erkl/2 further reduces astrocyte numbers, though we
remain uncertain as to how ERK1/2 achieve the astrocyte phenotype in the absence of PTEN.
Indeed, further studies delving into the signaling cues which control ERK1/2-mediated
astrogliogenesis would be interesting. Altogether, we find that Pren plays distinct and
significant roles throughout the cortical developmental program, from progenitor pool

expansion to gliogenesis.
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7 Methods

7.1 Mouse husbandry and lines

All breeding and experiments were performed under a license approved by the Austrian Federal
Ministry of Science and Research (BMWFW-66.018/0006-WF/V/3b/2017) and an amendment
to that license (2020-0.579.989). The mouse colony was maintained following guidelines
approved by the institutional ethics committee, the institutional animal care and use committee,
and the preclinical facility (PCF) and the Institute of Science and Technology, Austria (ISTA).
Mice with specific pathogen free status according to FELASA recommendations (rodents et
al., 2014) were bred and maintained in experimental rodent facilities (room temperature 21 +
1°C [mean + SEM]; relative humidity 40%—55%; photoperiod 12L:12D). Food (V1126, Ssniff
Spezialititen GmbH, Soest, Germany) and tap water were available ad libitum.

Mouse lines with MADM cassettes inserted in Chr. 4, 7, 16, 19 (Contreras et al., 2021), Chr.
11 (Hippenmeyer et al., 2010), Pten-flox (Groszer et al., 2001), Egfr-flox (Lee & Threadgill,
2009), Jakl-flox (Sakamoto et al., 2016), Jak2-flox (Krempler et al., 2004), Stat3-flox (Moh et
al., 2007), Stat5-flox (Cui et al., 2004), Erkl-flox (Selcher et al., 2001), Erk2-flox (Samuels et
al., 2008), Notchl-flox (Yang et al., 2004), hGFAP-LacZ (Brenner et al., 1994), Emx-Cre
(Gorski et al., 2002), and EmxI-CreERT2"" (Kessaris et al., 2006) have been described
previously.

All histological analyses were carried out in mice with a mixed C57/Bl6, CDI1 genetic
background, in both male and female mice. Mice were only selected for desired genotype. No
sex specific differences were observed in any experiment. The age and genotype of respective

animals is available in the respective figures, legends, and supplementary files.
7.2 Preparation of MADM-labeled tissue

Mouse tissue extraction and preparation were done following a previously published protocol
(Beattie et al., 2020). In short, mice were anesthetized through an intraperitoneal injection of
ketamine/xylazine/acepromazine solution (65 mg, 13 mg, and 2 mgkg body weight,
respectively), unresponsiveness was confirmed by pinching the paw. Anesthetized mice were
then perfused with ice-cold phosphate buffered saline (PBS) followed by 4% paraformaldehyde
(PFA) in PBS. Tissue underwent post-fixation in 4% PFA overnight at 4°C. For embryo tissue
collection, pregnant dams were sacrificed by cervical dislocation, embryos were collected, and
the heads were dissected and fixed in 4% PFA at 4°C for 48 hrs. Brains were then washed with

PBS and transferred to 30% sucrose for 48-72 hours. Excess sucrose was removed and brains
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were embedded in Tissue-Tek O.C.T. (Sakura). Embryonic tissue was sectioned at 20pum and
directly collected on Superfrost glass slides (Thermo Fisher Scientific). Post-natal tissue with
dense MADM labeling was sectioned at 35um, post-natal tissue with sparse or clonal MADM
labeling was section at 45um, sections were then collected in 24-well dishes (Greiner Bio-one)
and stored at -20°C in a cryoprotectant solution (30% v/v ethylene glycol, 30% v/v glycerol,
10% v/v 0.244M PO4 buffer) until use.

7.3 Immunolabeling of MADM-labeled tissue

Sections on glass slides were first rehydrated 3x with PBS for 15 minutes. Sections were then
incubated in blocking solution (10% horse serum, 1% Triton X-100 in PBS) for 1 hr. If
necessary, sections underwent antigen retrieval treatment by incubating slides with pre-warmed
Citrate Buffer (pH 6) at 85°C for 30 minutes. Primary antibodies were diluted in staining
solution (5% horse serum, 0.5% Triton X-100 in PBS) as indicated in the Key Resources Table
and 350ul were applied to each slide and incubated overnight at 4°C. The following day, slides
were washed 3x with PBS for 5 minutes and incubated with diluted secondary antibodies in
staining solution at ambient temperature for 1 hr. Slides were then washed 3x with PBS and
incubated with DAPI (1:20,000 in PBS) for 15 minutes. Finally, cover slips were mounted onto
the slides with mounting media containing 1,4-diazabicyclooctane (DABCO; Roth) and
Mowiol 4-88 (Roth) and stored at 4°C until imaging. Embryonic MADM tissue, up to E18,
underwent primary labeling against GFP (Aves Labs) and tdTomato (Sicgen Antibodies). This
step is not required for tissue from postnatal timepoints.

BLBP (Chemicon) staining required antigen retrieval using Citrate Buffer (pH 6) at 85°C for
30 minutes. Sections were then incubated for 2 nights with anti-BLBP (rabbit, 1:700 in 5%
horse serum, 0.5% Triton X-100 in PBS). Stained sections were then washed 2x with PBS for
15 minutes, the final wash with PBS should be 1 hour long. Sections were then stained with
anti-rabbit Alexa Fluor 647 (Molecular Probes) and incubated at room temperature for 1 hour.
Sections were then washed 2x with PBS, then incubated with DAPI (1:20,000 in PBS) for 15

minutes. Slides were then mounted as described above.
7.4 Imaging and analysis of MADM-labeled tissue

Samples were imaged using an LSM800 or LSM900 confocal microscopes (Zeiss). Tiled
images of regions of interest were acquired for a minimum of four section per animal per

genotype using either 10x or 20x air objectives. Images were initially processed using Zen Blue
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software from Zeiss, then imported into Photoshop (Adobe) where the ROI was marked and

cell numbers were manually quantified based on marker gene expression.
7.5 MADM clonal analysis

Clonal analysis using MADM was performed as previously described (Beattie & Hippenmeyer,
2017; Beattie et al., 2020; Gao et al., 2014). Briefly, mating cages were set up and females
were checked for signs of mating, and subsequently separated from their mates. Pregnant
females were each injected with 2mg of tamoxifen (Sigma-Aldrich) dissolved in corn oil
(Sigma-Aldrich) at E11, E12, and E13. Embryos were collected by cesarean section and
analyzed at E13 and E16. Cesarean sections were performed for pregnant dams who did not
give birth by E19. The resulting pups were fostered and maintained until analysis at P28. Clone-

containing brains were collected, processed and imaged as described in the manuscripts above.
7.6 Statistical Analysis

Statistical analyses were performed in the Graphpad Prism v10 software. Raw data expressed
as proportions was transformed using the Y=arcsin(VY) formula in order to stabilize variance
and prepare for statistical testing. Statistical tests used include: variants of two-tailed unpaired
t-test for comparisons between two groups, one-way ANOVA for comparisons between
multiple groups or two-way ANOVA for comparisons between groups split by two variables
(i.e. time and genotype). For g/r quantifications: A biological sample was defined as the g/r
ratio from one animal resulting from the quantification of at least 5 sections/animal in adults
and 5-10 sections/animal in embryonic stages. For cell density (cells/mm?) quantifications: A
biological sample was defined as the cell density from an animal resulting from the
quantification of at least 5 sections/animal in adults [i.e. the number of all GFP+ cells in animal
“A”/ the sum of the area from all quantified regions in animal “A”]. All figures include

information about the test used, as well as the corresponding p-value and other relevant data.
7.7 Single-cell suspension and FACS of MADM-labeled tissue

The protocol followed for generating a single-cell suspension and subsequent FACS of
MADM-labeled tissue is already published (Amberg et al., 2024). In short, animals aged PO
were collected and terminated by decapitation. The cortex was then dissected from each brain
and placed in cold PBS in 12-well plates while all samples were processed. Single-cell
suspensions were generated for individual animals for use as biological replicates. Tissue was
dissociated using a kit containing papain with L-cysteine and EDTA (vial 2, Worthington),

deoxyribonuclease (DNase) I (vial 3, Worthington), ovomucoid protease inhibitor (vial 4,
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Worthington), Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Thermo Fisher
Scientific), Earle’s Balanced Salts (EBSS) (Thermo Fisher Scientific), horse serum (HS), and
fetal bovine serum (FBS). Worthington reagents were reconstituted according to
manufacturer’s instructions using the indicated solvents. Isolated cortices were treated with
papain-DNase (papain 20 U/ml with 1000 U DNase) and digested for 30 minutes at 37°C in a
water bath. Samples then received a solution of EBSS containing 0.67 mg ovomucoid protease
inhibitor and DNase (166.7 U/ml) (Solution 2) and the entire solution was triturated to generate
a cell suspension and were then centrifuged at 1000 rpm for 5 minutes at ambient temperature.
The supernatant was extracted and the remaining cell pellet was resuspended in solution 2.
Suspension was then triturated with a p1000 pipette to mechanically dissociate tissue remnants.
The suspension was washed with DMEM/F12 and centrifuged at 1500 rpm for 5 minutes at
ambient temperature. Cells were resuspended in a final solution of DMEM/F12 with 10 % FBS

and 10% HS. Suspensions were kept on ice until sorting.
7.8 Library Preparation and Single Cell Sequencing

Library preparation was performed using Fluent Bioscience’s PIPseq T2 Single Cell RNA kit
v4.0PLUS (FB0001026) according to the manufacturer’s protocol. Libraries were pooled and
sequenced on an Illumina NovaSeqX platform at the VBCF NGS Unit
(https://www.viennabiocenter.org/facilities/). Initial alignment and preparation of count
matrices was performed using pipseeker-v3.3.0 and pipseeker-gex-reference-GRCm39-

2022.04. Downstream analyses were performed using R v4.3.2 and Seurat v5.0.1.
7.9 Single-Cell Sequencing Analysis

Single cell RNA-Seq:

Figure 19A-D: Data was filtered (parameters: nFeature RNA > 500 & nFeature RNA < 6000
& nCount RNA < 40000 & percent.mt < 15), and processed using standard pipelines. UMAP
was performed using RunUMAP with dims = 1:25, clusters were determined using
FindNeighbors with dims = 1:25 and FindClusters with resolution = 0.3. This analysis
identified 7 clusters. Cells from one cluster were not well localized on the UMAP, did not show
specific marker genes and were removed (39 cells, 0.6% of total cells).

Cell cycle scoring was performed using Seurat’s CellCycleScoring function with genes from
https://github.com/hbc/tinyatlas/tree/master/cell_cycle. The difference between G2M and S

phase scores was determined and regressed out during scaling. Trajectoy analysis was
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performed using monocle3 (v1.3.7). Significance of changes in relative abundance were either
determined by two-way ANOVA on arcsine transformed values or using chi squared test.
Differential expression between cell types was calculated using MAST (v1.28.0).
[https://genomebiology.biomedcentral.com/articles/10.1186/s13059-015-0844-5]. To draw
DEG heatmaps adjusted p-values of significant DEGs (adjusted p <0.1) were transformed to a
score ( logl0 (adjusted p) *-1) and visualized using pheatmap (v1.0.12).

Gene Ontology (GO) term analysis was performed wusing iDEA (v1.0.1)
[https://www.nature.com/articles/s41467-020-15298-6] on selected GO terms and differential
expression statistics (as above). The p-values, as determined by iDEA, were corrected for
multiple testing using p.adjust with standard parameters. GO terms were filtered for significant
enrichment and grouped using simplifyEnrichment (v1.12.0)
[https://academic.oup.com/gpb/article/21/1/190/7274174] in a 2-step process. We used the
uncorrected p-values to allow for a comprehensive documentation of changes. In the first step,
broad GO groups were determined, including a group containing major signaling pathways.
GO terms in the signaling pathway group were grouped in a second step using

simplifyEnrichment. The smallest adjusted p-value was used for plotting the heatmap.
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