Region-specific roles of SOX9 in
forebrain oligodendrogenesis and
development of the dentate gyrus

Alessia Caramello

A thesis submitted for the degree of
Doctor of Philosophy

Department of Biosciences
University College London
and
The Francis Crick Institute

September 2019

Declaration of authenticity
I, Alessia Caramello, confirm that the work presented in this thesis is my
own. Where information has been derived from other sources, I confirm
that this has been indicated in the work.

2

Abstract
During central nervous system (CNS) development, expression of the
SOXE transcription factor SOX9 is up-regulated in neuroepithelial
progenitors (NEPs) by E11.5 in the mouse and it is required for their
induction and maintenance, as well as for their switch from neurogenesis
to gliogenesis. To better characterize its role, Sox9 was conditionally
deleted earlier and specifically in the CNS using Sox1Cre, which is active
before the onset of Sox9 expression.
Oligodendrocyte precursors are initially missing in Sox9fl/fl;Sox1Cre/+
embryos, but recover perinatally. This is due to functional compensation
by SOX8, a SOXE member closely related to SOX9, because Sox9fl/fl;
Sox1Cre/+;Sox8-/- embryos do not recover oligodendrocytes. Therefore,
SOX8 may allow late embryonic oligodendrogenesis in absence of SOX9,
by a yet unknown mechanism. The origin of the recovered
oligodendrocytes in Sox9fl/fl;Sox1Cre/+ embryos is currently being
investigated with in utero electroporation.
Sox9fl/fl;Sox1Cre/+ embryos also show defective development of the
archicortex, the embryonic structure giving rise to the dentate gyrus (DG).
Generation of mature granule neurons and their progenitors is unaffected;
however, these fail to reach the developing DG and accumulate close to the
ventricle, suggesting a migration defect. In Sox9fl/fl;Sox1Cre/+ mutants, we
observed a dramatic reduction of the radial glial scaffold and its astrocytic
progenitors, which originate from the adjacent cortical hem (CH) and
support granule neuron progenitors migration during DG development.
Consequently, in adult Sox9fl/fl;Sox1Cre/+ mice, DG size and neural stem cell
numbers are significantly reduced, which may explain their defective
memory forming abilities. Therefore, these results suggest that SOX9 is
required in the archicortex for formation of the radial glial scaffold, and
consequently for the migration of DG granule neurons and their
progenitors. This hypothesis is further confirmed by analysis of
Sox9fl/fl;NestinCre embryos, where radial glial scaffold and consequently
granule neuron progenitor migration, are less affected compared to
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Sox9fl/fl;Sox1Cre/+. Because Nestin-Cre is acting later in the archicortex
compared to Sox1Cre, this highlights an early critical requirement of SOX9
for induction of astrocyte progenitors in the archicortex and,
subsequently, DG development. CH-specific deletion of Sox9 is currently
being performed to assess this hypothesis.
In conclusion, analysis of Sox9 deletion during forebrain development
highlights unique temporal- and region-specific functions of this
transcription factors for specification of glial cells.

4

Impact statement
During midgestation, the CNS consists only one type of progenitor cell,
radial glial cells (RGCs), which initially proliferate and give rise to neurons,
before switching to generate astrocytes or oligodendrocytes, the
supporting cells of the CNS. This change in differentiation potential is
called the neuron-to-glia switch: it takes place at different developmental
stages in different areas of the CNS and it is irreversible, indicating that its
occurrence is carefully regulated to ensure successful generation of a
properly functional CNS. In addition, while oligodendrocytes and some
astrocytes are renewed by proliferation in the adult brain, most neurons
are generated only during development. However, the adult brain contains
a few specialised niches, such as the dentate gyrus (DG) of the
hippocampus where resident adult neural stem cells (NSCs) maintain the
ability to divide and generate new neurons, a process necessary for
formation of new memories and pattern separation. Adult NSCs are
themselves generated relatively early during CNS development, deriving
from a subset of RGCs in which differentiation into neurons, astrocytes or
oligodendrocytes is repressed.
SOX9 is a transcription factor expressed in all RGCs, controlling their
formation and maintenance, as well as timing of their neuron-to-glia
switch. Despite these critical functions, it is demonstrated in this thesis
that deleting Sox9 expression throughout the early CNS, and prior to the
neuro-to-glia switch, surprisingly does not significantly affect many
aspects of its development.
In the absence of Sox9, RGC proliferation is not impaired, but their switch
in differentiation potential is delayed, with both astrocytes and
oligodendrocytes appearing later. These then recover almost completely,
apart from some subpopulations of astrocytes that are still reduced in
number. This recovery is demonstrated to be due to functional
redundancy with SOX8, a transcription factor with a similar expression
pattern and protein structure to SOX9, which partially compensates for the
absence of SOX9, sufficient to allow survival of the animal.
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While most of the Sox9 mutant brain appears unaffected, the DG is reduced
in size, has fewer proliferative NSCs, which compromises memory
formation. The results presented suggest that the reduced DG size is due
to delayed specification of astrocytes that during DG development form a
glial scaffold supporting neuronal migration. Consequently, neurons fail to
reach the forming DG and accumulate close to the RGCs. Moreover, while
Sox9 ablation does not affect DG neuronal formation and differentiation, it
might instead impair DG adult NSCs maintenance.
In conclusion, in this thesis a new unique and region-specific role for SOX9
is unveiled, which is not compensated by other redundant pathways, as in
the rest of the CNS, and is necessary to avoid behavioural deficits.
Moreover, a novel role for astrocytes is revealed as supporting cells during
development of DG, which is perturbed when their specification is delayed.
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1.1 The central nervous system and its
development
1.1.1 Adult structure and function
Bilaterian animals are equipped with a highly complex nervous system
(NS) used for obtaining sensory information and coordinating the
appropriate reaction [1]. It is divided into the central nervous system
(CNS), formed of the brain and spinal cord, and the peripheral nervous
system (PNS), which is subdivided into somatic and autonomic and
consists of nerves connecting the CNS to sensory and non-sensory organs
of the body, notably muscles, glands and blood vessels (Figure 1.1.1) [2].
The autonomic PNS, comprising also the enteric NS, is responsible for
involuntary responses to control physiological activities such as heart beat
and digestion. On the other hand, the somatic PNS is largely associated
with voluntary movements, because it transmits sensory information from
the periphery to the CNS and delivers the commands from the CNS to
peripheral organs, such skeletal muscles. The spinal cord represents a
conductor of signals between the PNS and the brain, as it transmits
sensory information from the PNS to the brain sensory cortex and then
transfers back motor commands from the brain motor cortex to the PNS.
However, the spinal cord is also capable of local processing, such as spinal
locomotion and reflexes [3]. Nevertheless, the brain represents the major
functional unit of the entire NS, and utilizes the somatic PNS and spinal
cord to collect information and deliver commands that trigger the
appropriate response. The brain is thus responsible for adjusting and
processing perception, muscle activity, hormone secretion, homeostasis,
learning, memory and behaviour.
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CNS

Brain
PNS

Peripheral
organs

Spinal cord

Figure 1.1.1 The central and peripheral nervous system.
Input and output signalling from the periphery to the CNS (brain and
spinal cord) and back to the periphery. Sensory neurons from the PNS
(here shown example of vagus nerve) collect information from peripheral
organ and transmit it back to the spinal cord. From there, sensory neurons
transmit the signal to the brain. After processing and integration with
signals from other brain regions, cortical motoneurons then signal
movement instructions back to the spinal cord, which in turn signal the
peripheral organ. Made with BioRender.
CNS: central nervous system; PNS: peripheral nervous system.
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The structure of the brain is relatively conserved among vertebrates, and
this is particularly evident during embryonic development. Each brain
function is computed in a different brain area (Fig. 1.1.2). The most basal
body functions, such as heart rate, sleep, respiration, equilibrium or eye
movement, are controlled by the pons, medulla and cerebellum which are
the most caudal brain areas, just after the spinal cord, and the ones that
emerged earlier during evolution (hindbrain). Hearing, vision and
movements are controlled in a more dorsal area, the midbrain. More
elaborate functions, such as eating, drinking, defecation and copulation are
processed in intermediate areas, the thalamus and hypothalamus
(diencephalon). Finally, the most evolutionary recent and rostral part of
the brain, the telencephalon, which contains also some basal ganglia,
olfactory bulbs, and the cerebral cortex, is in control of more complex
behaviours, such as voluntary movements, smell, cognition, spatial
memory, emotions and motivation. The cerebral cortex itself is also
subdivided in different regions that appeared earlier or later during
evolution, which are, in order of appearance: paleocortex, archicortex and
neocortex [4]. The neocortex controls higher cognitive functions such as
vision, audition, social and emotional processing and language, while the
archicortex, which contains the hippocampus, regulates less advanced
behaviours such as spatial memory and navigation. The neocortex is
particularly evolved and expanded in mammals, especially in dolphins,
monkeys and humans, where it is convoluted in order to increase the
computing surface and therefore the amount of information processed [5].

30

Figure 1.1.2 Regionalisation of the adult human brain.
Made with BioRender.
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1.1.2 Cellular composition
Despite the complexity of the CNS structure and function, in all animals the
adult NS is formed of essentially two main ectodermally derived cell types,
neurons and glia. However, the subdivision of cell types within each group
is extremely complex, making it hard to claim such a simplistic description.
In addition, the adult brain also contains non-ectodermal cells as well as
glia-like neural stem cells (NSCs) which retain the ability to generate new
neurons. All cell types are discussed in detail below.

1.1.2.1 Neurons
Neurons are electrically excitable cells communicating with each other via
synapses, and forming highly intricate circuits. Neuronal circuits connect
separate areas of the NS and are the foundation of its functionality. Mature
and functional neurons are usually formed of a cell body (soma), multiple
dendrites that collect input signals, and a single axon that transmits the
signal to target cells at its terminal (Fig. 1.1.3). Electric signals are
transported along the membrane of dendrites and axons as propagating
action potential. When it reaches the axon terminal, the action potential
causes release of neurotransmitters within the synapse, which are then
up-taken by the receptors located on the target cell membrane. Neurons
can be classified depending on their polarity (number of axons; e.g.
unipolar, bipolar, etc..), location in the nervous system (different brain
areas), pre- and post-connecting areas (afferent, efferent or within the
brain) or function (type of neurotransmitter released, such as GABA or
glutamate for inhibitory or excitatory neurons respectively) [5].
The turn-over of neurons is extremely limited in the adult CNS, therefore
the great majority of neurons populating it are generated during
development. Only a small proportion is generated in adulthood from
adult NSCs [6].
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1.1.2.2 Glia
Efficient neuronal functionality is highly dependent on glial cells, which
are often described as supporting cells. Glial cells are divided into
astrocytes and oligodendrocytes.
Amongst other functions, oligodendrocytes (OLs) are mostly known to
exert one specific function in the CNS: formation of insulating myelin
sheath wrapped around neuronal axons. Their equivalent in the PNS are
Schwann cells. Myelin sheaths increase the speed of membrane potential
transport along the axon, as it propagates by saltatory conduction on
consecutive gaps between myelin sheaths (nodes of Ranvier), ultimately
accelerating communication between neurons (Fig. 1.1.3). Opposite to
neurons, OLs are continuously generated during adulthood from
oligodendrocyte precursor cells (OPCs) or NG2-glia, which are the most
actively dividing cell type of the adult CNS [7] (Fig. 1.1.3). NG2-glia can
rarely also give rise to astrocytes or neurons, but mainly during
embryogenesis or perinatally [7]. Importantly, the NG2-glia also performs
supporting roles necessary for CNS homeostasis, and these are only
starting to be characterized [8].
In contrast, astrocytes constitute an extremely complex and diverse cell
population. They share several morphological, molecular and functional
features with neurons, which makes it difficult to study this population
specifically. Astrocytes fulfil different roles as neuronal supporting cells
(Fig. 1.1.3). They participate in the formation of the blood brain barrier
(BBB) that allows absorption of nutrients that are then transferred to
neurons, while preventing diffusion of potentially harmful pathogens to
the brain. Astrocytes also clear neurotransmitters (glutamate and GABA)
and ions (Na+, K+) that are left in the synaptic space after signal
transduction has occurred to optimise synaptic transmission and avoid
spill-overs. They synthetize glutamine from up-taken glutamate via
glutamine synthetase (GS), which is then transferred back to the neurons
for de novo synthesis of glutamate. Moreover, astrocytes form and remodel
the extracellular matrix (ECM), via expression of metalloproteases
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(MMPs) [9]. Finally, but probably non exhaustively, they constitute a
structural support for neuronal migration [10].
In addition, to oligodendrocytes and astrocytes, ependymal cells (EpCs)
are also present in the adult brain, which share some features with
astrocytes. EpCs are epithelial cells, often ciliated, lining the ventricles of
the brain. They control the cerebrospinal fluid (CSF) circulation and
contribute to neural stem cell niches. They are derived from radial glial
cells (RGCs), the embryonic neural stem cells [11, 12].

1.1.2.3 Non-ectodermal cells
Neuron and glial cells forming the adult CNS derive from the ectoderm, one
of the three layers forming the early embryo. However, later during
development the CNS is invaded by non-ectodermal cells, mainly microglia
and endothelial cells (Fig. 1.1.3), both derived from the mesoderm.
Microglia, constitute the resident CNS macrophage population, and are
thereby responsible for the primary immune response in the brain. These
originate from the yolk sack and migrate to the CNS during embryogenesis
[13]. Microglia also have roles to help prune unwanted dendrites, and
secrete factors that influence local microenvironments within the CNS. On
the other hand, endothelial cells and associated pericytes form the
vasculature structure within the brain. Blood vessels invade the CNS while
it is developing without affecting its structure [14].
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Myelinating
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NG2-glia
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BBB
Astrocyte
Microglia

Blood vessel

Figure 1.1.3. Cell types of the adult brain
Cellular composition of the adult brain. Neurons are in green: they form
synapses with other neurons. Astrocytes are in orange: they form the BBB
contacting blood vessels (in red), clear synapses as well as contacting
neurons, OLs and OPCs directly. OPCs/NG2-glia are in dark blue: they
proliferate to generate new-born OLs but also have other functions. OLs
are light blue: they form myelin sheaths around neuronal axons. Microglia
cells are in yellow.
BBB: blood brain barrier; OPC: oligodendrocyte precursor cell; OL:
oligodendrocyte. Made with BioRender and adapted from [15].

1.1.2.4 Adult neural stem cells
Finally, another cell type that can also be found in the brain are adult
neural stem cells (NSCs). They are the only progenitor-like cells that have
maintained the ability to proliferate and generate new neurons and
astrocytes in physiological conditions, in both rodents and humans. They
are found in two well characterised germinal niches in the adult mouse
brain: the subventricular zone (SVZ) of the lateral ventricles, from where
the neuronal precursors amplify and migrate along the rostral migratory
stream (RMS) to reach the olfactory bulb (OB) where they differentiate
into mature inhibitory interneurons; and the subgranular zone (SGZ) of
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the dentate gyrus of the hippocampus, which instead give rise to transit
amplifying neuronal precursors that penetrate the above granule layer
and there differentiate into excitatory granule neurons [16] (Fig. 1.1.4).
Moreover, adult NSCs can also divide asymmetrically to generate one
intermediate progenitor (IP) and one astrocyte, therefore exhausting the
pool of NSCs.
Recently, the tanycytes, a specialized radial glial cell type, found on the
floor of the third ventricle, in the hypothalamus, have also been shown to
act as adult NSCs as demonstrated by their ability to self-renew and
generate neurons and astrocytes [17].
Upon brain injury or in vivo reprogramming, parenchymal astrocytes [18]
and NG2-glia [7] localised in non-neurogenic regions of the brain (e.g.
striatum, cortex), as well as perhaps EpCs [19], can be activated to
generate new born neurons. However, they do not have this potential in
physiological conditions in the adult brain, or, in case of NG2-glia, it is more
limited.

Neocortex

SGZ
OB

SVZ

Cerebellum

RMS

Third
ventricle

Figure 1.1.4. Neural stem cell niches in the adult mouse brain
Schematic of the three stem cell niches of the adult brain (red lines): the
SVZ of the lateral ventricles, from where new-born neurons migrate along
the RMS to reach the OB, where they differentiate into olfactory
interneurons; the SGZ of the dentate gyrus, where new granule neurons
are generated and integrate into the dentate gyrus neuronal circuitry.
SVZ: subventricular zone; RMS: rostral migratory stream; OB: olfactory
bulbs; SGZ: subgranular zone. Made with BioRender and adapted from
[20].

36

In conclusion, the adult brain is formed of multiple and functionally
diversified cell types that together coordinate all of its functions. All
neurons and glia derive from the same progenitors that are originally
forming the neural tube, the embryonic precursor of the CNS. Correct
regionalisation and timing of neural tube progenitor differentiation are
essential for generation of all cell types and formation of a functional
organ.

1.1.3 Early embryonic development
1.1.3.1 Formation of the neural tube
The CNS and the PNS derive from different regions of the ectoderm. Neural
ectoderm induction and its regionalisation involves several secreted
morphogens (BMP, FGF, SHH, Wnt). Morphogens are signalling molecules
whose secretion from a source create a concentration gradient. According
to its concentration, each morphogen will induce different responses, and
this will ultimately be interpreted by cells for fate acquisition [21, 22]. In
addition, cross-talks between different morphogens further modulate
cells response.
The development of the neurectoderm has been described to follow a
“default model” where in absence of instructive external stimuli, neural
tissue will develop. In fact, this fate is actively repressed by bone
morphogenic protein (BMP) which is secreted from the edges of the
ectoderm. Inhibition of BMP by the secreted antagonists noggin, chordin
and follistatin is therefore responsible for neurectoderm induction. As a
result, the ectoderm is regionalised in: neural plate, where BMP signalling
is highly inhibited and therefore develops into neurectoderm; neural plate
borders, where BMP is less inhibited and neural crest cells (NCCs) and
placodes originate; finally, high BMP activity will instead induce an
epidermal fate (Fig. 1.1.5 A) [21-23]. Specification of more posterior areas
of the CNS, such as the spinal cord, are controlled by FGF and Wnt
signalling which can also inhibit BMP activity [24]. Finally, Sonic hedgehog
(SHH) is secreted by the ventral mesoderm-derived notochord and floor
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plate to pattern the pre-existing neural plate inducing ventral
regionalisation. Moreover, while it was thought that anterior character
was initially imparted and later transformed by caudalizing signals, recent
data show that antero-posterior regionalisation precedes neural fate
acquisition [24].
During primary neurulation, the edges of the neural plate rise toward the
dorsal midline (Fig. 1.1.5 B), come together and fuse resulting in the
closure of the neural tube. Consequently, cells that were previously
forming the neural plate border, constitute the roof plate, which is now
disconnected from the overlying epidermis (Fig. 1.1.5 C). The roof plate
will still secrete BMP, as well as Wnt. While the most ventral part of the
neural tube, closer to the notochord, becomes the floor plate and expresses
SHH. At this stage, Wnt, BMP and SHH morphogens control the dorsoventral and antero-posterior regionalisation of the neural tube.
Cells at the border of the neural plate delaminate and undergo an epithelial
to mesenchymal transition (EMT) to form cells of neural crest and placode.
NCCs migrate away from the neural tube to give rise to several neuronal
and non-neuronal lineages, such as neurons and glia of the PNS, bone,
cartilage, adipose tissue and melanocytes [25] (Fig. 1.1.5 C). Anteriorly,
cranial placodes are instead generating components of the cranial sensory
apparatus, such as for example the olfactory/nasal placode, which will give
rise to the olfactory epithelium the lens placode, which will form part of
the eye and the otic placode, which will form the inner ear [26].
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Figure 1.1.5. Neural plate induction and neural tube formation.
A) regionalisation of the ectoderm depending on noggin, chordin and
follistatin, expressed by the neural plate (blue) which antagonise BMP,
expressed from the epidermis (grey), forming a gradient.
B) start of primary neurulation: neural folds rise towards the dorsal
midline.
C) closure of the neural tube: NCCs and placode cells migrate away from
the roof plate. BMP and Wnt are now expressed by the roof plate and
antagonise gradients of SHH expressed in the notochord and floor plate.
SHH: Sonic Hedgehog; BMP: bone morphogenic protein; NCCs: neural crest
cells.
The neural tube is further regionalised along the rostro-caudal axis into
four different regions which will develop as the three primary brain
vesicles, each corresponding to a different area of the brain, and as the
spinal cord. From rostral to caudal, the three primary brain vesicles are:
the forebrain, or prosencephalon, which will give rise to telencephalon
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(containing also neocortex, hippocampus and basal ganglia) and
diencephalon (containing also thalamus and hypothalamus); the
midbrain, or mesencephalon; the hindbrain, or rhombencephalon (giving
rise to cerebellum, pons and medulla; Fig. 1.1.6).

Figure 1.1.6. Development of primary and secondary brain vesicles
of the human neural tube.
Antero-posterior regionalisation of the human neural tube after primary
neurulation. Three primary vesicles are indicated, as well as their
derivatives at later stages of brain development and in the adult brain. At
this stage, mouse brain development is comparable to human.

1.1.3.2 Induction of radial glial cells (RGCs)
At around embryonic day (E) 9 in mice, the whole neural tube consists of
highly polarised neuroepithelial cells (NECs), which span the whole
thickness of the tube, connecting to both apical and basal surfaces with
their two processes. In particular, the apical endfoot is anchoring together
the apical membrane of neighbouring NECs via cadherin-based adherent
junctions. This domain also contains a cilium facing the ventricle and is
fundamental for maintenance of NECs identity (e.g. multipotentiality and
self-renewal). NECs initially divide symmetrically to amplify their pool:
each cell division is synchronized with an apical to basal movement of the
nucleus (reaching the most apical surface during mitosis), known as
interkinetic nuclear migration. Because NEC divisions are not
synchronised, the neuroepithelium appears as pseudostratified (Fig. 1.1.7)
[27-29].
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NECs are the only cell type forming the neural tube at this stage, therefore
they will be at the origin of all neurons and glial cells forming the adult
CNS. Neurons are the first cell type to be generated during CNS
development, in a process called neurogenesis. Production of astrocytes
and oligodendrocytes (gliogenesis) usually occurs at later stages of
embryonic development. Neurogenesis starts around E9.5/E10 when
NECs execute occasional asymmetric divisions and generate the first few
neurons, which then migrate towards the most basal side of the
neuroepithelium (Fig. 1.1.7) [30]. Beginning around E10.5, NECs
transition into radial glial cells (RGCs), characterized by expression of
typical markers of astrocytes, such as intermediate filaments (Nestin and
vimentin), lipid-binding protein (BLBP), glutamate transporter (GLAST)
or glutamine synthase (GS). While RGCs are morphologically different
from NECs, they still maintain an apico-basal polarity, with apical end foot
anchoring and interkinetic nuclear migration synchronised with their cell
cycle. However, as more neurons are generated and populate the basal
area, RGC nuclei remain confined toward the apical side facing the
ventricle, forming a densely packed layer known as ventricular zone (VZ).
RGCs give rise to the majority of neurons, albeit often indirectly, through
generation of intermediate committed progenitors called basal
progenitors (BPs) or intermediate progenitors (IPs), which have a finite
ability to proliferate, allowing further amplification to generate the
required number of neurons. BPs undergo more rounds of cell division in
regions that are more populated (e.g. the neocortex). Their cell body is
located outside of the VZ, forming a new layer called the subventricular
zone (SVZ). Therefore, at this stage, the neuroepithelium is considered to
be pluristratified [29].
BPs differ from RGCs because they lose expression of all astroglial
markers, and begin to express the T-box transcription factor TBR2.
Moreover, BPs do not have an apical endfoot, as it is either lost after cell
division or retracted. Indeed, this is necessary for them to migrate basally
and differentiate. In fact, specification of BPs, or neurons, depends on
asymmetric division of RGCs: where an oblique cell division plane causes
differential inheritance of the apical process, as well as ciliary proteins
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facing the ventricle, centrioles and molecular components of the Notch
pathway. All together, these are indicated as cell fate determinants: they
correlate with the fate of the daughter cell generated by the RGC, as
without them the daughter cell differentiates [31]. In addition,
downregulation of the adhesion molecule E-cadherin is necessary for
delamination of cells from the apical surface as well as their migration, in
a process similar to EMT [32]. On the other hand, the basal process is
inherited by the RGCs after cell division: it does not affect cell fate choices,
however it is fundamental to maintain the proliferative capacity of RGCs
as well as their morphology [30]. The latter is important as the newlygenerated daughter cells, either neurons or BPs, use the RGCs as a scaffold
to migrate towards the more basal layers of the neuroepithelium [33].

Figure 1.1.7. Switch from NECs to RGCs in the neuroepithelium
NEPs mostly divide symmetrically to amplify their pool and generate the
first-born neurons (preplate neurons, green cells). The non-synchronised
interkinetic nuclear migration during NEPs cell cycle makes the
neuroepithelium appear pseudo-stratified. From E10.5, NEPs switch to
RGCs that divide asymmetrically within the VZ generating more neurons
either directly (blue cells) or indirectly via formation of BP (red and white
cells) that will further divide in the SVZ. Newly generated neurons migrate
towards the pial surface populating the CP.
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NEP: neuroepithelial progenitors; RGCs: radial glial cells; VZ: ventricular
zone; BP: basal progenitors; SVZ: subventricular zone; CP: cortical plate.
Obtained from [29].
Because all neurons and glial cells forming the adult brain derive from
NECs, and later RGCs and BPs, it is fundamental to maintain a balance
between their self-renewal and the timing of their differentiation. Both
parameters differ according to the CNS region, with different cell types
being generated with different timings in distinct CNS regions. Intrinsic
cell-autonomous and extrinsic non-cell autonomous pathways are
involved in regulating proliferation versus differentiation. Their functions
often overlap or have different effects at earlier or later stages of NEC
lineage commitment. A description of pathways involved in each step
(NEPs/RGCs maintenance vs. differentiation, initiation of neurogenesis
and switch to gliogenesis) is detailed in the following paragraphs.

1.1.3.3 Molecular pathways balancing RGC maintenance vs.
initiation of neurogenesis

Notch signalling is essential at early stages of CNS development. Notch
receptor is activated in the signal-receiving cell by neighbouring cells
expressing the Notch ligand Delta-like 1 (Dll1) or Jagged 1/2 (JAG1/2).
Activation of the receptor induces the cleavage of its intracellular domain
(NICD), which, together with the co-factor RBPJ, induces expression of
Notch downstream effectors, such as Hairy Enhancer of Split (Hes) 1 and
5, which usually act as repressors. This ‘lateral inhibition’ mechanism is
responsible for the establishment of RGCs from NECs as it promotes their
self-renewal while inhibiting their differentiation [34] (Fig. 1.1.8 point 1,
2). In agreement, Notch-deficient RGCs differentiate precociously into
neurons. However, Notch also appears to have an instructive role, because
its premature activation may promote RGC markers and phenotype [34].
The Notch signalling effectors Hes1/5 maintain the RGC undifferentiated
state via induction of inhibitor of differentiation (ID) 2 and 4 expression,
which in turn repress pro-neural genes, which would otherwise drive
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neuronal differentiation. The latter are basic-helix-loop-helix (bHLH)
transcription factors, for example Neurogenin (Ngn) 1, Ngn2 and Ascl1;
they induce full neuronal differentiation from differentiated cells both in
vivo [35] and in vitro [36]. Pro-neural genes are also induced by the paired
homeobox factor Pax6, which is expressed by RGCs [37] (Fig. 1.1.8 point
3) and shown to be controlled by the LIM homeodomain factor Lhx2 (Fig.
1.1.8 point 4) together with βcatenin, the downstream effector of the
canonical Wnt pathway (Fig. 1.1.8 point 7) [38]. Pro-neural genes, in
particular Ngn2 and Ascl1, together with other transcription factors
(Insm1 and Ap2g), also control the generation of BPs from RGCs, either via
induction of Tbr2 expression (Fig. 1.1.8 point 8), a typical marker of BPs,
or by acting on cell cycle regulators. On the other hand, Notch and FGF
signalling are inhibiting this progression (Fig. 1.1.8 point 9) [39].
Notch receptor activation in RGCs is induced by Dll1 expressed on
neighbouring new born neurons, where Dll1 is induced by pro-neural
genes such as Ascl1 [40]. This indicate that neurogenesis can control the
proliferative status of the remaining RGCs. Lhx2 is expressed from early
stages of brain development. Among its other roles, after E10.5 Lhx2
controls RGCs proliferation positively acting on Hes1 [38].
In absence of Notch, RGCs induction is not completely abolished, as other
pathways such as neuregulin1 (Nrg1), via its receptors ErB2 and ErB4, can
promote RGCs identity (Fig. 1.1.8 point 5). However, they partially act via
the Notch pathway, as they induce expression of the repressor co-factor NCoR which, together with RBPJ, bind and inhibit Gfap and S100b promoters
[41] (Fig. 1.1.8 B). This would ensure repression of astrogenesis during
neurogenesis. In agreement, inhibition of ErB2 causes premature
generation of astrocytes [41].
Fibroblast growth factor (FGF) morphogens are rostrally secreted in the
developing brain. In particular, Fgf10 together with its receptor (Fgfr2),
have been shown to initially control the progression from NECs to RGCs
(Fig. 1.1.8 point 6) [42], and later promote RGC expansion via induction of
Notch signalling [43]. Finally, the morphogen Sonic Hedgehog (SHH),
secreted by the ventral midline of the neural tube, is also implicated in
RGCs maintenance through induction of their proliferation (Fig. 1.1.8
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point 10). This is illustrated by VZ hyperplasia and delayed differentiation
induced by ectopic SHH activity [19, 44].
To counterbalance maintenance of the RGC undifferentiated state
promoted by the pathways listed above, other signals are involved in
promoting neurogenesis, such as the dorsally secreted Wnt morphogens
and bone morphogenic proteins (BMPs). Wnt is implicated in promoting
RGCs and BP self-renewal, where it acts, for example, on c-myc for
inducing cell proliferation (Fig. 1.1.8 point 11, 12), as well as promoting
their maturation towards BPs and differentiated neurons, via induction of
Ngn2 expression (Fig. 1.1.8 point 13) [45]. Similarly, at early stages of
brain development (E12.5/E13.5), BMPs induce their downstream
effector SMADs, which form a complex with p300/CBP and Ngn1 to
promote neurogenesis via induction of neuronal specific genes, such as
tubulin (Tuj1) (Fig. 1.1.8 point 14). At later stages of brain development
(>E14.5), Ngn1 concentration decreases, allowing the SMAD/p300/CBP
complex to interact instead with STAT, which is induced by neuronalderived cytokines and promotes gliogenesis [46-48] (Fig. 1.1.8 point 15).
A similar role is also found for the Notch pathway, which is also involved
in induction of astrocyte differentiation at later stages of CNS
development, because it promotes expression of the gliogenic gene NFIA
[49] (Fig. 1.1.8 point 16).
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Figure 1.1.8. Transcription factors and signalling pathways involved
in the onset and progression of neurogenesis and astrogenesis.
Points 1 to 16 indicate the genes involved in the process that have been
discussed in the text. Adapted from [45].
Although initiation of neurogenesis is relatively similar within the whole
CNS, the neuronal subtypes (interneurons, pyramidal neurons, granule
neurons, etc.) generated in each region are different. Moreover, after an
initial production of neurons, either from RGCs or BPs, RGCs undergo a
neurogenesis to gliogenesis switch which allows them to generate
astrocytes and oligodendrocytes [45]. Because after this change in
potential, RGCs are not able to generate neurons, the temporal and spatial
occurrence of the switch is carefully tuned and varies according to the
brain region. This is necessary to ensure successful generation of the right
number of neurons and glial cells, at the right stage and in the right CNS
area. CNS patterning and timing of RGC differentiation into different cell
types are controlled by morphogens, which are described in the following
section.
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1.1.4 Cell type diversification
1.1.4.1

Morphogen-mediated

regionalisation

of

the

developing CNS
Morphogens are secreted from distinct regions of the CNS from which they
diffuse to form dorso-ventral, antero-posterior and medio-lateral
overlapping gradients. These are interpreted by RGCs as positional
information for differentiation towards a specific cell type, ultimately
allowing generation of a wide range of cell types in different parts of the
CNS. The main morphogens are SHH, WNT, BMP and FGF. Cross-talk
between morphogens induces expression of different homeodomain and
bHLH pro-neural genes that overlap and inhibit each other.
Morphogen sources
Since neural tube closure, the ventral part of the CNS, the floor plate, is a
source of SHH signalling, while the dorsal part, the roof plate, secretes
WNT and BMP signalling molecules [50]. Subsequently, and specifically in
the developing forebrain, four different sources of morphogens can be
found (Fig. 1.1.9). SHH is secreted ventrally from the pre-optic area (POA).
Dorsally, WNT and BMP signals originate from the cortical hem (hem or
CH), which is considered analogous to the roof plate found in the
developing spinal cord. The hem is a discrete area at the midline of the
dorsal forebrain adjacent to the hippocampal primordium. Facing it
laterally, between the dorsal pallium and the ganglionic eminence, is
located the antihem, which is a source of epidermal (EGF) and fibroblast
growth factors (FGF) 7 [51]. Finally, the most rostral (fourth) brain
organiser is the source of FGF8 [52].
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Figure 1.1.9. Morphogen sources at later stages of brain
development.
SHH is released from the ventral centre, TGFa and FGF7 from the anti-hem
and BMP and Wnt from the Hem. FGF8 is secreted by the rostral source,
here not depicted.
Adapted from [50] and [51].
Hem and antihem specific roles
The hem and antihem, in particular, are structural organisers of specific
brain regions. For example, ablation of the hem causes disappearance of
the hippocampus [53]. Moreover, WNT signals, which are secreted by the
hem, appear to be important mediators of this effect, because disruption
of the Wnt signalling cascade via ablation of Wnt receptor Lrp6 or its
downstream effector Lef1 in the early embryonic CNS significantly affect
the development of the hippocampus [54]. Further evidence of the
inductive role of the hem on the adjacent hippocampus is observed in Lhx2
mutants. LHX2 suppresses both hem and antihem specification, because in
mutants for this factor both structures are expanded [55]. In chimeras of
wild-type and Lxh2-null cells, ectopic hippocampi are observed besides
clusters of Lhx2-null hem-like clusters [55].
On the other hand, hem-derived BMP signalling appears to control choroid
plexus formation, the brain structure producing the cerebrospinal fluid
(CSF) in the ventricles [51].
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Finally, hem and anti-hem are also a source of Cajal-Retzius (CR) cells as
well as the astrocytic palisade, both of which support neuronal migration
during forebrain development (further discussed below 1.1.5).

1.1.4.2 Neuronal progenitor patterning
Neuronal patterning in the developing forebrain is mainly controlled by
the ventral (SHH) and dorsal (BMP/Wnt) morphogens. SHH controls
specification of ventrally derived GABAergic interneurons from the lateral
and medial ganglionic eminence (LGE and MGE respectively; Fig. 1.1.10)
[56]. This is performed via induction of ventral homeodomain
transcription factors such as Nkx2.1 and Gsh1/2, which control, in parallel
and partially via induction of Ascl1, progression of cell differentiation
towards different types of interneuron (Parvalbumin+ or Somatostatin+)
[45]. The GSH1/2 downstream targets Dlx1/2 are also involved in
repressing oligodendrocyte differentiation [57]. Ventrally derived
interneurons later tangentially migrate dorsally, to populate the DT (Fig.
1.1.10.B point 1).
In contrast, Wnt and BMP signalling controls specification of glutamatergic
cortical pyramidal neurons via induction of their downstream targets,
notably Pax6, Emx1/2 and Ngn1/2 [45]. Moreover, for fine tuning of
neuronal specification, ventralising (SHH, Nkx2.1, Ascl1 and Gsh1/2) and
dorsalising (Pax6, Ngn1/2 and Wnt downstream effector Gli3) factors can
also mutually inhibit each other (Fig. 1.1.10.A) [45]. Differentiating cortical
neurons also migrate within the DT to a specific cortical layer where they
fully differentiate (Fig. 1.1.10.B point 2).
Later during forebrain development (from E13.5), distinct domains of
ventral and dorsal progenitors will give rise to oligodendrocytes following
the neuro-to-glia switch (discussed below in 1.4.4; Fig. 1.1.10.A) [58].
Astrocytes are also generated following the switch in potential, from all
parts of the VZ. However, their embryonic development has not been
carefully characterised due absence of early lineage markers.
Finally, additional neuronal specification is also achieved via temporal
patterning, of which a typical example is the development of the neocortex.
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This brain region, in both rodents and humans, is organised in 6 layers of
different types of neurons subsequently generated by the same progenitor
cell in an inside-out manner. Therefore, cells populating the deeper layer
are generated first, while neurons generated later climb over the previous
layers and position themselves on top. The molecular mechanisms
controlling RGC temporal patterning in vertebrates are not well
understood.

Figure 1.1.10. Patterning of the forebrain leads to formation of
unique neuronal and gliogenic domains.
A) Dorsal and ventral pathways induced by the BMP, Wnt and SHH
morphogens and corresponding neuronal and glial type generated.
B) Ventrally derived neurons and oligodendrocytes later migrate dorsally
to populate the DT (1). Dorsally derived neurons and oligodendrocytes
instead migrate locally within the cortex (2).
POA: pre-optic area; MGE: medial ganglionic eminence; LGE: lateral
ganglionic eminence; DT: dorsal telencephalon.
Adapted from [45] and [52].

1.1.4.3 Neurogenesis to gliogenesis switch: astrocytes
Astrogenesis
Astrocytes are an extremely diversified population of cells. In the adult
brain, they have been generally classified in fibrous (FA) and protoplasmic
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astrocytes (PA), because of their localisation (white and grey matter,
respectively) and expression of GFAP (positive and negative, respectively).
The mechanisms of their production and differentiation during CNS
development are not well understood and this is mainly due to absence of
early astrocyte-specific markers; in fact, most markers such as GFAP,
GLAST and BLBP are also expressed by RGCs. Recently, the aldehyde
dehydrogenase ALDH1L1 was identified as a specific marker of both
fibrous and protoplasmic astrocyte progenitors [59]. ALDH1L1+ gliogenic
RGCs appear as early as E12.5 in the developing spinal cord, in a ventral to
dorsal pattern, giving rise to different astrocytic types, depending on their
position [60, 61]. During embryonic development, astrocytes form well
established segmental domains [62], because after their specification they
exclusively undergo radial migration [63]. Therefore, astrocytes
distribution surrounds the area initially occupied by their RGCs basal
process which is in contrast to neurons or oligodendrocytes that also
migrate tangentially, invading other areas of the CNS.
Interestingly, specific temporal and spatial generation of astrocytes, after
neurogenesis, also influence the local patterning of circuits formation, as
deletion of domain-specific astrocytes alter synapses formation of the
corresponding neuronal type generated in the same domain [62, 64].
Moreover, gliogenic RGCs also generate intermediate progenitors that
transiently amplify and migrate before their final differentiation into
mature astrocytes [60, 65]. Therefore, astrogenesis follows spatial
patterning and amplification mechanisms similar to neurogenesis.
Molecular mechanisms underlying the neuron-to-astrocyte switch
The molecular mechanisms controlling the switch in potential of RGCs
from neurogenesis to gliogenesis (the gliogenic switch) have been
investigated in some depth. Multiple pathways are involved, and they all
culminate in the activation the JAK/STAT pathway and the enhancement
of the ability of RGCs to respond to this. More precisely, the pathway is
activated upon binding of the gp130 receptor by cytokines, such as
cardiotrophin-1 (CT-1) [66], ciliary neurotrophic factor (CNTF), and
leukaemia inhibitor factor (LIF; Fig. 1.1.11). CT-1 is produced by newly
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born neurons; therefore, as neurogenesis proceeds, CT-1 concentration
increases, strengthening gp130/STAT activation and therefore gliogenesis
[66]. This provides a regulatory feedback loop balancing initiation of
gliogenesis versus number of neurons produced.
Increased STAT activity is also dependent on Notch and BMP/SMAD
pathways, because both undergo a complete functional change during the
progression of CNS development [49, 67]. STAT functionality depends on
its interaction with the SMAD/p300/CBP complex, which is downstream
of BMP activation. At the end of neurogenesis, when NGN1 levels are low,
the SMAD/p300/CBP complex is then free to interact with STAT, resulting
in the induction of gliogenic genes (Fig. 1.1.11).
At the end of neurogenesis, the levels of the EGF family protein neuregulin1 are also low, causing reduced ErbB2 activation and therefore N-CoR
repressor translocation to the cytoplasm. Consequently, the N-CoR
interactor RBPJ is then free to act as an activator of gliogenic genes. On the
other hand, the HES proteins, downstream effectors of the Notch pathway,
can inhibit pro-neural genes, as mentioned before, and also facilitate
JAK/STAT interaction to increase its gliogenic activity [67] (Fig. 1.1.11). In
addition, the MEK-ERK pathway can also induce gliogenesis during CNS
development [68] (Fig. 1.1.11).
In the same way that neuronal differentiation is initially inhibited to allow
progenitor expansion, gliogenesis is intrinsically repressed to allow
neurogenesis. This repression is in part due to epigenetic modifications,
such as DNA methylation of STAT binding elements within the promoters
of astrocyte-specific genes, for example Gfap or S100b, by DNA
methyltransferase 1 (DNMT1) [69]. To allow astrocyte generation,
chromatin remodelling of gliogenic gene promoters needs to occur. FGF
signalling has been implicated in this process. For example, it has been
shown to induce changes in histone methylations within the Gfap
promoter, increasing its accessibility to RBPJ and STAT, ultimately
inducing RGC competence to astrocytic differentiation [70]. NOTCH
signalling is also involved in this process. One mechanism underlying its
ability is through induction of Nuclear Factor 1 A (NFIA) expression,
whose binding on astrocytic gene promoters, such as Gfap, results in
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dissociation of the DNA methyltransferase DNMT1 ultimately increasing
accessibility to STAT [49]. In turn, NFIA can inhibit NOTCH self-renewal
activity via repression of Hes1, further promoting glial differentiation [71].
Finally, LHX2 is also a potent regulator of the switch because
overexpression of this factor during gliogenesis can override Notch and
NF1A induction of Gfap, promoting neurogenesis over gliogenesis, while
its disruption causes premature gliogenesis at the expenses of
neurogenesis [72].
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Figure 1.1.11. JAK/STAT, BMP/SMAD, Notch, ErbB and MEK/ERK
pathways before and after the neurogenesis to gliogenesis switch.
A) before the switch, the same pathways are inducing neurogenesis and
blocking gliogenesis. NRG1/2 and ErbB4 are inhibiting expression of
gliogenic genes via N-CoR. SMAD, downstream effector of BMP, interact
with NGN2 and therefore do not activate gliogenic genes. JAK/STAT
pathway is not active.
B) after the switch, cytokines activate JAK/STAT, which now interact with
SMAD and activate gliogenic genes. This is helped by NF1A which is
induced by Notch. Notch is also repressing neuronal differentiation via
Hes5 induction of ID proteins. Obtained from [39].
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1.1.4.4 Neurogenesis to gliogenesis switch:
oligodendrocytes
Oligodendrogenesis
Compared to astrocyte specification, oligodendrogenesis has been better
characterised. The generation of oligodendrocyte precursor cells (OPCs)
from RGCs starts at around E12.5 and continues in ventral to dorsal waves
until birth, in both the brain and spinal cord. OPCs are intermediate
progenitors that migrate away from the VZ within the parenchyma, while
still undergoing cell division, and only later differentiate into mature
oligodendrocytes (OLs) [58]. OPCs typically express the proteoglycan NG2,
PDGF receptor a (alpha) subunit (PDGFRa), SRY-box 10 (Sox10) and
OLIG2,

the

obligate

bHLH

transcription

factor

necessary

for

oligodendrocyte lineage commitment. While expression of NG2 and
PDGFRa is lost when OPCs differentiate into OLs, SOX10 and OLIG2 are
maintained throughout the whole lineage [58]. PDGFRa expression is
particularly important for OPCs because its ligand PDGF-AA, which is
secreted by surrounding astrocytes and neurons, promotes their
proliferation, survival, migration and maturation, in combination with
other signalling pathways [73].
During oligodendrogenesis in the forebrain, the first OPCs arise from
Nkx2.1+ RGCs located in the ventral part of the medial ganglionic
eminence (MGE) or pre-optic area (POA) at E12.5. At around E16.5, OPCs
can be seen emerging from the lateral ganglionic eminence (LGE), where
progenitors express Gsx2. OPCs from these regions migrate within the
parenchyma populating both the ventral and dorsal forebrain. Around
birth, LGE- and MGE-derived OPCs are partially eliminated from the cortex
as new OPCs start to emerge locally from the cortical Emx1+ RGCs [74]
(Fig. 1.1.12.A). As a result, most of the OPCs found in the cortex postnatally have a dorsal origin, while only 20% originate from the ventral
waves [75]. This is in contrast to spinal cord oligodendrogenesis, where
only two waves of OPC specification exist (from the pMN and dP6
domains) and the ventrally derived OPCs make up to 80% of the final OL
population [58, 75] (Fig. 1.1.12.B). A third wave of oligodendrogenesis
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after birth might persist in the spinal cord as well, however its origin and
contribution are still unknown.

Figure 1.1.12. Multiple waves of oligodendrocyte production in the
mammalian forebrain and spinal cord.
A) Oligodendrogenesis in the forebrain. The first wave arises at E12.5 from
the MGE and POA Nkx2.1+ domains. The second wave originate at E16.5
from the LGE Gsx2+ cells. The third final wave comes from the DT Emx1+
domains around E18.5.
B) Oligodendrogenesis in the spinal cord. The first wave arises at E12.5
from the pMN domain. The second wave originate at E16.5 from cells in
the dP3 to dP6 domains. A third final wave might be present in the spinal
cord as well but its origin is unclear.
POA: pre-optic area; MGE: medial ganglionic eminence; LGE: lateral
ganglionic eminence; DT: dorsal telencephalon; pMN: progenitor of
motoneurons. Adapted from [50]

Molecular mechanisms of oligodendrogenesis.
For lineage commitment, SHH [76] and FGF [77] signalling pathways are
predominantly involved, because they have been shown to induce
expression of OLIG2, which then activates oligodendrocyte-specific genes,
such as Sox10 and Pdgfra. Both the dorsal morphogens, BMP and Wnt,
inhibit oligodendrogenesis, in particular SMAD may be involved in
repression of OLIG2expression [78]. This effect can however be
counteracted by FGF signalling, independently of SHH, via cytoplasmic
sequestering of SMAD [78]. In summary, ventral OPC specification is
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mainly controlled by SHH, because this is the main morphogen expressed
in the ventral forebrain. Dorsal OPC specification might also be controlled
by SHH, because it has recently been proposed that this morphogen is
secreted by the choroid plexus as well as by migrating interneurons [79],
however other pathways, such as FGF, are likely to be involved as well
[78].
OLIG2 and SOX10 are also involved in controlling the switch of RGCs from
neurogenesis, and this has been best studied during spinal cord
development. There, the VZ RGCs initially give rise to motoneurons (MNs)
and then switch to OPC production at around E12.5. Olig2 is already
expressed in this region at the time of MN generation, however posttranslational modifications (phosphorylation) change its ability to form
homodimers to heterodimers with other bHLH factors, such as NGN2,
ultimately altering its own target genes as well as reducing NGN2
availability to induce neuronal genes [80]. A similar mechanism might
exist during development of the ventral forebrain, where the Dlx1/2
transcription factors necessary for the differentiation of interneurons in
the ganglionic eminence can interact and repress OLIG2 functionality,
ultimately inhibiting oligodendrocyte differentiation [57].
Finally, to keep the balance between both cell types, cross-repressive
interactions exist between astrocyte-specific and oligodendrocyte-specific
factors. For example, NFIA, which as mentioned before is important for
induction of astrocyte specific genes, can form heterodimers with both
OLIG2 and SOX10 resulting in a mutual inhibition of their transcriptional
activities [81, 82]. This mutual repression between astrocytic and
oligodendrogenic fates is further exemplified by the differentiation of
Olig2-/- RGCs as astrocytes, shown by upregulation of S100B at the time of
oligodendrogenesis [83]. Conversely, OLIG2 alone has been shown to
antagonise astrocyte differentiation, as it can bind to the SMAD coactivator p300 and therefore inhibit STAT-dependent astrocytic gene
induction [84].
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1.1.4.5 Establishment and maintenance of adult NSCs
Adult NSCs originate from embryonic RGCs
While new oligodendrocytes are continuously produced during adulthood
thanks to parenchymal OPCs or NG2 glia [7], production of new neurons
and astrocytes stops post-natally. However, as mentioned before, three
defined niches of neural stem cells (NSCs) are still present in the adult
brain (SVZ, SGZ and third ventricle) where production of neurons and
astrocytes is maintained. Adult NSCs in both SVZ and SGZ germinal niches
share many features in common with astrocytes and embryonic RGCs,
such as expression of GFAP, Nestin and SOX2. They also have similar
morphological features, such as a radial morphology and a single primary
cilium. In addition, they have basal end feet with some projecting through
the parenchyma to make contact with blood vessels. Moreover, similarly
to RGCs in the VZ of the neuroepithelium, the cell membrane of adult SVZ
NSCs facing the ventricle forms junctions with the surrounding NSCs as
well as EpCs, forming rosette structures.
These observations led to the conclusion that adult NSCs are derivatives of
the embryonic RGCs, but this was only confirmed for the SVZ [85]. More
recently, Fuentealba et al. showed that NSCs of the adult SVZ are RGCs set
aside at early stages of development, between E13.5 and E15.5, as a
distinct progenitor pool that enter quiescence and only reactivate
postnatally [86]. However, this does not appear to be true for the adult
NSCs of the SGZ. Here, the embryonic Hopx+ granule neuron progenitor
population has been shown to gradually transit from proliferation and
differentiation, while they form mature granule neurons that will populate
the dentate gyrus proper, to quiescence adult NSCs [87]. This transition
might occur between postnatal day (P) 7 and 14, when the future adult SGZ
stem cell niche appears to be established. This is shown by markers of
intermediate progenitors, such as TBR2 and DCX, which become restricted
to the SGZ and through acquisition of radial morphology by GFAP+ cells
[88]. Interestingly, both formation and expansion of adult SGZ NSCs is
influenced by SHH secreted from a ventral source in the developing
forebrain [89, 90].
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Regulation of adult neurogenesis
Adult NSC maintenance versus differentiation is tightly regulated to
sustain neurogenesis throughout life, and several cell types forming the
niche participate in this regulation (Fig. 1.1.13). The niche structure, cell
composition and activity is comparable between the SVZ and SGZ. NSCs,
also known as Type1 cells in the SGZ or Type B cells in the SVZ, express
typical markers such as SOX2, Nestin and GFAP. They are mostly quiescent
(qNSCs), however when they re-enter the cell cycle and become activated
(aNSCs), they give rise to a non-radial transit amplifying SOX2+ Nestin+
GFAP- Ascl1+ intermediate progenitors. These are known as Type 2a in
SGZ and Type C in the SVZ, or more generally as intermediate progenitors
(IPs) or neuronal precursor/progenitor cells (NPCs). In the SGZ, type2a IPs
give rise to a more committed progenitor called type 2b, which express
neuronal specific markers such as TBR2. Type C cells in the SVZ and
Type2b cells in the SGZ will then give rise to DCX+ PSA-NCAM+ maturing
neurons or neuroblasts (Type A cells in the SVZ and Type 3 cells in the
SGZ). These will start migrating towards either the olfactory bulbs (OB)
through the rostral migratory stream (RMS), or the granule cell layer of
the dentate gyrus, respectively. Once they have reached their final
destination, they will differentiate into fully mature GABAergic olfactory
interneurons or glutamatergic granule neurons respectively, and integrate
with the pre-existing neuronal networks [91, 92].

59

Figure 1.1.13. Cell composition of adult neurogenic niches.
NSC: neural stem cell; NPC: neural progenitor cell; GCL: granule cell layer;
SGZ: subgranular zone; SVZ: subventricular zone; LV: lateral ventricle;
CSF: cerebrospinal fluid; RMS: rostral migratory stream; OB: olfactory
bulb. Obtained from [93].

The molecular pathways involved in regulation of adult neurogenesis in
both niches are similar to those described for early embryonic
development. Signals are supplied by all the cell types forming the
germinal niche: apart from progenitor cells mentioned before, the niche is
also formed of astrocytes, microglia, blood vessels and ependymal cells
(the latter within the SVZ only; Fig. 1.1.13).
As previously mentioned, Notch control NSCs maintenance: this pathway
is activated in NSCs via interaction with Dll1 expressed by differentiating
neuroblasts or local astrocytes. In NSCs, the Notch downstream target
Hes5 represses the pro-neural gene Ascl1, thereby repressing progression
toward a neuronal fate.
Wnt and SHH are instead promoting both NSC proliferation and neuronal
differentiation. BMP again has different effects during early and late stages
of lineage progression, inducing astrocyte differentiation in early
precursors or cell-cycle exit in late neuroblasts. In the SVZ, NOGGIN, a BMP
antagonist, is secreted by ependymal cells, promoting neurogenesis.
Another factor secreted by the niche is the pigment epithelium-derived
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factor (PEDF), secreted by both endothelial cells and ependymal cells,
which induces NSC quiescence [93]. The vasculature also secretes
Neurotrophin 3 (NT3) and betacellulin (BTC), which promote cell
proliferation, as well as VEGF which induces terminal neuronal
differentiation. Finally, FGF and EGF are mitogens that stimulate NSC
proliferation and there is evidence that they are provided by the local
astrocytes [91]. It is presumably the balance of this complex set of factors
in specific locations within the NSC niche that controls cell fate.
NSC intrinsic regulators comprise inhibitor of differentiation (ID)
proteins, which inhibit neuronal differentiation and are highly expressed
in NSCs, but downregulated in IPs. In addition, SOX2 is essential for NSCs
self-renewal [91, 93].
Role of adult neurogenesis
NSC niche activity is also influenced by some neurotransmitters, which
have been shown to regulate cell proliferation and differentiation. These
include: dopamine, which induces IP expansion; glutamate, which instead
induces neuronal differentiation; and GABA, which together with NMDA
induces neuroblast differentiation. Moreover, GABA secreted by these
cells also triggers a negative feedback loop which inhibits NSCs
proliferation and promotes their maintenance [94]. Therefore, neuronal
differentiation, maturation and survival are also influenced by local
neuronal circuits. This is particularly important for adult neurogenesis in
the dentate gyrus where the hippocampus plays a fundamental role in
learning, memory formation and spatial navigation [95]. In particular, it is
involved in pattern separation, which is the ability to distinguish highly
similar memories or events. Moreover, reduction of adult hippocampal
neurogenesis might also be involved in anxiety and depression, in
particular within the ventral hippocampus, but most of the evidences are
indirect [96].
Adult neurogenesis in the SVZ, is instead contributing to formation of
olfactory memories, as well as controlling reproductive behaviour, under
the influence of pheromones [97].
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Over the past few years, comparative analysis indicated that DG adult
neurogenesis was significantly decreasing in humans in the first few years
after birth [98], making hard to claim that memory formation relies on
generation of new neurons in the adult DG. However, it has been recently
confirmed by multiple studies that DG neurogenesis persists in humans
throughout adulthood and therefore it is likely to participate in brain
function [99-101].

1.1.5 Molecular mechanisms involved in cell migration
Before terminal differentiation, neurons and glia migrate toward their
final destination, as mature cells cannot migrate. Most of cell migration is
occurring during development, for example migration of projection
neuron precursors for formation of cortical layers, interneurons migrating
from the ganglionic eminence to the cortex, granule neuron progenitor
migration from the ventricular zone to the dentate gyrus, as well as OPC
migration from their ventricular area of origin to the rest of the brain [33].
However, cell migration is still continuing during adulthood, for example
in the SVZ neurogenic niche where interneuron progenitors migrate along
the RMS to reach the OB [102].
Different types of migration have been characterised in the developing and
adult brain, depending on the direction or the physical support, which
usually is provided by astrocytes (gliophilic migration), vasculature, or
axons of existing neurons (axophilic migration) [103]. To be able to
migrate, cells undergo cytoskeletal remodelling, sense the extracellular
environment for migration clues and interact with other cells and the ECM.
Details are described below.

1.1.5.1 Types of cell migration
Cells can undergo radial migration, when parallel to RGC fibres, a route
followed for example by cortical neuroblasts, or tangential migration,
when cells move instead around the circumference of the neural tube, as
shown by interneurons or OPCs (Fig. 1.1.14.B). Neurons can also switch
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from tangential to radial migration: for example, cortical interneurons first
migrate tangentially to reach the cortex and then move radially to localise
in a specific cortical layer, or olfactory interneurons first migrate
tangentially along the RMS and then switch to radial migration once they
have reached the OB [103].
Radial migration in the developing cortex can further be divided into two
mechanisms: locomotion, which is radial glia-dependent, and somal
translocation, which is radial glia-independent (Fig. 1.1.14.A). Locomotion
is used by late born immature neurons of the cortex to migrate radially
along their parental radial glia, climb over previously generated neurons
to reach the most apical layer of the cortex. Somal translocation instead, is
radial glia-independent as it requires neuroblasts to have a long apical
process directly attached to the pial surface. This type of migration is used
when the pial surface is close enough to be reached by the leading edge of
the neuroblasts, therefore either by early born neuroblasts or later born
neuroblasts after an initial locomotion that would bring them closer to the
pial surface [104, 105]. Some migrating new-born neurons, particularly
cortical projection neurons, temporarily detach from the parental radial
glia process and become multipolar before undergoing locomotion
migration towards the pia. This process is necessary for selecting the
direction neurons will follow (tangential or radial migration) [33].
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Figure 1.1.14 Types of neuronal migration during brain
development.
A) neuronal migration in the cortex: differentiating neurons generated
from the RGCs (grey), migrate towards the pial surface via somal
translocation (green) or locomotion (orange). CR cells (light blue)
releasing Reelin in the marginal zone also contribute to their migration.
B) neurons follow two main routes for migration: tangential migration,
followed by interneurons generated in the ventral brain; and radial
migration, followed by neurons in the cortex.
POA: pre-optic area; MGE: medial ganglionic eminence; LGE: lateral
ganglionic eminence; DT: dorsal telencephalon. Obtained from [103].

1.1.5.2 Cytoskeleton remodelling
Whatever type of migration neurons follow, the cellular events needed to
induce movement are the same and involve repetition of three steps:
extension of the leading process in the direction of migration, then
translocation of the soma and nucleus along the leading process and finally
retraction of the trailing process [33]. Of note, the leading process is
terminated by a growth cone sensing the surrounding microenvironment
and responding to attractive or repellent cues [106]. All three steps
require modification of the cytoskeleton; therefore actin, microtubules
and associated proteins are essential for cell migration during CNS
development. Microtubules are necessary for nuclear movements, while
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actin is rather involved in remodelling of the growth cone, however both
mostly work synergically [106].
Doublecortin (DCX) and Lis1 are microtubule associated proteins (MAPs)
that are respectively involved in maintaining the stability of microtubules
and coupling these to the nucleus (Fig. 1.1.15) [103]. The requirement of
both proteins for CNS neuronal migration is illustrated by the
development of lissencephaly in humans, a severe brain development
disorder where cortical gyri are lost, when either gene is mutated [107].
In mice that are lissencephalic, LIS1 mutations cause cortical layer
disorganisation [108], while DCX mutations only affect hippocampus
layering [109]. Moreover, MAP interaction with microtubules relies on
phosphorylation, therefore several kinases are also involved in
cytoskeletal remodelling for cell migration, for example Dab1, Cdk5 or Src
[103] (Fig. 1.1.15). Focal adhesion kinases (FAKs) are also phosphorylated
by Cdk5: they link the extracellular matrix (ECM) to the actin filaments
within the cell, which is essential for migration. Therefore, mutations of
Cdk5 or its regulators P35 and P39 severely affect neuronal migration
during brain development, particularly in the cortex, hippocampus and
cerebellum [110] (Fig. 1.1.15). Finally, several members of the Rho GTPase
family (Rho, Rac, Cdc42) are involved in modulating actin dynamics and
associating actin bundles to the microtubules, therefore mutation of these
genes also results in impairment of neuronal migration [103] (Fig. 1.1.15).

1.1.5.3 Secreted molecules
For correct migration, cells need molecular cues for directionality. Some
examples are given below, highlighting the importance of cytoskeletal
remodelling.
Reelin
Reelin is an extracellular matrix (ECM) glycoprotein secreted by CajalRetzius (CR) cells that is controlling immature neuron migration during
brain development [111]. It was initially identified thanks to a
spontaneous murine mutation, called Reeler, because mutants display an
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abnormal gait due to cerebellar defects. In addition, Reeler mice showed
an aberrant layering of cortical neurons [112]. It was then showed that
during cortical development, Reelin controls the radial glial-independent
somal translocation migration of neuroblasts, as well as detachment of the
migrating neuron from the radial glial process, at the end of radial gliadependent locomotion [113]. Therefore, Reelin signalling is fundamental
for the inside-out organisation of the cortical layers: neurons occupying
lower layers are generated earlier during development, while later born
neurons climb over early-born neurons to populate the upper layers.
Consequently, mutations on Reelin result in disrupted organisation of
neuronal layers in the neocortex [112].
CR cells are neurons generated very early, that originate from three
different sources: the cortical hem (CH), the ventral pallium and the
septum [114, 115]. If one or two sources are impaired, the remaining ones
can compensate [115]. Therefore, when the CH-derived CR cells are
depleted, neocortical layering is not compromised [53]. CR cells populate
the most apical layer of the cortex and release Reelin, creating an apicobasal gradient. Reelin then binds to the extracellular domains of
apolipoprotein E receptors 2 (ApoE-R2) and very low-density lipoprotein
receptors (VLDLR) which are expressed by the neuroblasts migrating from
the VZ. Reelin binding induces phosphorylation of Dab1, one of the
downstream kinases responsible for microtubule remodelling and
phosphorylation [111] (Fig. 1.1.15).
A similar mechanism also controls granule neuron migration during
dentate gyrus development, where CR cells are instead located at the
margin of the hippocampal primordium. Disruption of the CR cell-Reelin
pathway during hippocampus development affects neuronal packing
within both cornus ammonis (CA), and dentate gyrus [112].
Chemokines
The chemokine stromal-derived factor 1 (SDF1), binding the CXCR4
receptor, functions as a chemoattractant. SDF1 is secreted by ependymal
cells in the SVZ and endothelial cells, and is responsible both for reduction
of NSC proliferation and increased neuroblasts motility during their
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migration within the RMS. Moreover, the CXCR4/SDF1 pathway controls
cortical hem-derived Cajal-Retzius cell migration along the cortical
surface, as well as tangential migration of interneurons and OPCs from the
ganglionic eminence and granule neuron progenitor migration towards
the developing dentate gyrus [116]. Interestingly, CXCR4 can also control
axon elongation via induction of the Rho pathway. Its effect appears to be
dose-dependent because it has been shown in vitro to have a positive effect
on elongation at low dosage, while preventing it at high dosage [117].
Others
Other chemotropic molecules involved in neuronal migration are for
example Netrin and its receptor DCC that are involved in tangential
migration of neurons, and act via stimulation of Cdk5-depedent
phosphorylation of MAPs (Fig. 1.1.15) [103]. The chemorepellent Slit
ligand and its receptor Roundabout (Robo) control the actin cytoskeleton
via inactivation of Cdc42 (Fig. 1.1.15) [103]. In particular Slit is secreted
by the ventricular choroid plexus and repels Robo+ cortical neurons
migrating from the VZ. Finally, semaphorins (SEMA) 3A and 3F and their
receptors neurophilin and plexin can also activate Rho GTPases and are
particularly involved in migration of cortical and striatal interneurons
[103] (Fig. 1.1.15).
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Figure 1.1.15. Molecular networks regulating neuronal migration
during brain development.
Obtained from [103].

1.1.5.4 Cell surface molecules
Cell Adhesion Molecules (CAMs) mediate cell-cell adhesion as well as
interaction with the extracellular matrix (ECM). Interaction between
neuroblasts and ECM, as well as neuroblasts with the surrounding
neuroblasts or astrocytes, is fundamental for their migration during brain
development. Apart from Reelin, other ECM molecules particularly
involved in this process include integrins and cadherins. PSA-NCAM for
example, is a typical marker of neuroblasts: its expression is fundamental
for neuroblast migration along the RMS [118].

1.1.5.5 Glial scaffolds and vasculature support
As mentioned earlier, during CNS development, the best characterised
glial support for neuronal migration is the apical process of RGCs which is
used by late born neurons for locomotion. Other forms of glial scaffolding
are involved in supporting neuronal tangential migration. Both the hem
and antihem are thought to be involved in the formation of a radial glial
“palisade” that provides support for migration of granule neurons towards
the dentate gyrus and GABAergic interneurons from the ganglionic
eminence towards the cortex [51]. Formation of both radial glial
structures has been shown to rely on Wnt signalling [54].
In addition, tangential migration of interneurons has recently been shown
to rely on the vasculature network (Fig. 1.1.16.A), where endothelial cells
attract immature interneurons via release of GABA [119] and vascular
endothelial growth factor (VEGF) [120].
Finally, another example of neuronal migration supported by astrocytes,
the vasculature, and neurons themselves, is found in the rostral migratory
stream (RMS) which allows rapid and directional neuroblast migration
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from the SVZ towards the OB. The neuroblasts migrate collectively within
the RMS creating chain-like structures enwrapped by astrocytes that form
a glial tube. This chain migration is also supported by the vasculature
running parallel to the stream, which develops post-natally thanks to VEGF
secreted by astrocytes (Fig. 1.1.16.B). The formation of the glial tube, as
well as the regulation of neuroblast migration, also rely on the Slit/Robo
pathway. Slit1/2 molecules are secreted by the septum and choroid
plexus, while neuroblasts in the SVZ and RMS express Robo and are
therefore repelled away from the ventricle. In addition, the Robo+
neuroblasts also express Slit1, which promotes maintenance of the
astrocytic tubular structure [102]. Moreover, glial-tube astrocytes support
neuroblast migration by controlling the local concentration of brainderived neurotrophic factor (BDNF) secreted by the vasculature.
Astrocytes in fact express a high affinity BDNF receptor TrkB, induced by
neuroblast-derived GABA, which traps the extracellular BDNF preventing
it from binding to its low-affinity receptor p75 expressed by neuroblasts
[121] (Fig. 1.1.16.C).
Therefore, astrocytes and vasculature are providing both structural
support and molecular activation for controlling neuronal migration,
while in turn neurons act on the supporting glia.
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Figure 1.1.16. Astrocyte- and vasculature-dependent mechanisms of
neuronal migration.
Examples of vasculature, astrocytes and neuroblasts themselves
supporting neuronal migration in tangential migration of interneurons
from the LGE/MGE to the cortex (A) or along the RMS from the SVZ to the
OB (B). Endothelial cells and astrocytes do so by release of GABA, VEGF or
by controlling the extracellular concentration of BNDF (C).
MGE: medial ganglionic eminence; LGE: lateral ganglionic eminence; RMS:
rostral migratory stream; SVZ: subventricular zone; OB: olfactory bulb.
Obtained from [121].
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1.2. SOX, SOXE and SOX9
1.2.1 The family of SOX transcription factors
1.2.1.1 Identification and general characteristics
The SOX (SRY-related High Mobility Group box) proteins are a family of
transcription factors containing an HMG box-type DNA-binding domain
[122]. Their discovery began with the identification of SRY (Sex
determining Region Y), a Y chromosome encoded transcription factor
normally required to induce male sex determination in mammals. SRY is
the founding member of the SOX family, because when it was first cloned,
its sequence revealed the presence of an HMG box type of DNA binding
domain (that had been recently identified). Homology within this domain
led directly to the isolation of several other, non-Y-linked genes, with a
domain showing 50% or more amino acid similarity to the SRY HMG box.
Four such Sox genes were identified initially [123], but their
characterisation led to the isolation of additional member of the SOX
family, of which there are 20 in mammals. These are grouped into A to H
subfamilies based on their HMG sequence homology and other structural
motives, which reflect similar functional properties. Most SOX proteins can
form homo and hetero-dimers with other SOX proteins or other
transcription factors in order to recognize their target genes and acquire
additional functions [124].
Functionally, SOXB1 (containing SOX1,2,3) and SOXE (containing
SOX8,9,10) subfamilies are mainly involved in cell fate determination and
stem cell maintenance, both during embryonic development and in adult
tissues. SOX2 for example, is one of the best-known of these factors
because of its role in maintaining embryonic stem cell pluripotency
together with Nanog and Oct4. It is also expressed throughout the whole
developing neural tube at early stages as well as in adult NSCs. In fact, it is
fundamental to maintain the proliferative and undifferentiated state of
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NSCs. SOX2 expression is then downregulated when cells become postmitotic and differentiate [122].

1.2.1.2 The SOXE subfamily
The SOXE subfamily members are important for development of the CNS.
SOX9 is necessary for oligodendrocyte lineage specification from RGCs, but
it is then downregulated, with SOX10 becoming necessary for their final
differentiation. SOX10 expression is moreover maintained throughout the
lineage. SOX8 has been shown to functionally compensate for the absence
of SOX9 during embryonic spinal cord oligodendrogenesis [125]. SOX9 is
also involved in the maintenance of RGCs as well as for the neurogenesis
to gliogenesis switch, however its function in this context will be discussed
in detail in chapter 3.
The high functional similarity amongst SOXE proteins is reflected by their
overall amino acid (AA) sequence, which is around 50% identical between
all three members. In particular, within the HMG domain, SOX8 and SOX9
differ by only 1 AA out of 79, SOX8 and SOX10 by five, and SOX9 and SOX10
by four. This underlies the high functional similarity shared between these
transcription factors. All SOXE members also have one dimerization
domain, two nuclear localisation domains (NLDs), and one nuclear export
signal (NES). All also have a strong transcription activation (TA) domain
at their C-terminus, the activity of this being further enhanced by
additional weaker domains, exclusively present in SOX9 and SOX10 (PQA
and K2 domains respectively; Fig. 1.2.1) [126].
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Figure 1.2.1. Structural similarities between SOXE members.
HMG: high mobility group domain; TA: transactivation; NES, nuclear
export signal; NLS, nuclear localization signal. PQA: proline-glutaminealanine-rich. Adapted from [126].

1.2.2 The multiple roles of SOX9 during development
1.2.2.1 Expression pattern and role during development
During embryonic development SOX9 is expressed in many different
tissues, in which it is required for correct development, such as testis,
brain, chondrocytes, pancreas, intestine, kidney, liver, heart, as well as
very early neural crest (NC) and then several of its derivatives [127] (Fig.
1.2.2). SOX9 also controls cell migration via epithelial to mesenchymal
transition (EMT) as well as extracellular matrix (ECM) deposition, both of
which are fundamental aspects required for embryonic development. The
multiple functions of SOX9 are due to its ability to form heterodimers with
different molecular partners, which modulates its transcriptional
activation repertoire. Some examples are detailed below.
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Figure 1.2.2. SOX9 expression pattern during embryonic
development.
Sagittal section of a human embryo at 41 days post-conception, showing
SOX9 expression (left). Boxes on the left picture are showing higher
magnification on the right of: neuronal progenitors in the brain (a),
cartilage in the vertebral column (b), neuronal progenitors in the spinal
cord (c), heart (d), stomach and pancreas (e) and male gonads next to the
mesonephros (f). Obtained from [128].
Chondrogenesis
SOX9 expression is seen very early in mesodermal condensates that will
give rise to cartilage and it is known to directly activate the transcription
of the gene encoding type II collagen [129]. During subsequent
chondrogenesis, SOX9 interacts with SOX5 and SOX6 to activate the
expression of cartilage-specific genes to commit mesenchymal cells into
chondrocyte progenitors, as well as ECM deposition [130]. However, to
pursue chondrocyte maturation and then proceed towards ossification,
cartilage-specific genes have to be downregulated. It has been proposed
that the balance of SOX9 activity, from activator to repressor, depending
of its partners, participates in this progression. In chondrocytes, SOX9 can
interact with GLI3 and act as a repressor of these genes [131]. Therefore,
in the absence of SOX9, skeletal development is extremely impaired. Mice
and humans heterozygous for loss of function mutations in Sox9 die at or
shortly after birth mostly due to respiration defects [132].

74

Male sex determination
One of the best-known roles of SOX9 during development is male sex
determination and testis development, where it is required for
specification of the supporting Sertoli cells. Sox9 is the direct necessary
downstream target gene of SRY, the Y-linked sex determination gene. SRY
interacts with SF1 for this initial induction [133] and, following
subsequent SRY downregulation, SOX9 expression is maintained thanks to
a positive feedback loop and the dimerization of SOX9 with SF1. SOX9-SF1
heterodimers also induce expression of anti-Mullerian hormone (AMH)
which eliminates the developing Mullerian ducts in male embryos, which
would otherwise form oviducts and uterus, while SOX9 homodimers
induce expression of prostaglandin D synthase, necessary for further
differentiation of Sertoli cells. Continuous expression of SOX9 is necessary
for Sertoli cells to maintain their phenotype. However, loss of SOX9
expression after sex determination (E14.5) does not affect testicular
development due to functional redundancy with SOX8, although it still
leads to male sterility in 5 month-old mice as testicular morphology and
spermatogenesis fail [134].
Neural crest cells, EMC deposition and EMT
During embryonic development, SOX9 is sufficient to control neural crest
cell (NCC) fate specification from the neural tube [135]. Moreover, soon
after specification, NCCs delaminate from the neural tube to populate the
rest of the body. For their migration, EMT is necessary, and this is
dependent on the ability of SOX9 to induce Snail and Slug expression.
These are two repressors of E-cadherin expression, which will ultimately
reduce cell-cell adhesion, enabling migration. Moreover, SOX9 also
interacts with Snail2 to further induce Slug expression, and this
interaction requires phosphorylation of SOX9 mediated by BMP and Wnt
signalling [136].
EMT as well as ECM deposition are also required for early heart valve
development. SOX9 is involved in this process, in fact mouse embryos
completely lacking expression of SOX9 die between E11.5 and E12.5 due
to compromised heart development [137].
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Stem cell maintenance vs. differentiation
SOX9 expression is activated by Notch signalling in different contexts.
During retina development, Notch-dependent expression of SOX9 in the
retinal progenitor cells (RPCs) is necessary to maintain their pool and
multipotentiality [138]. During pancreatic development, tight regulation
of SOX9 expression by the Notch pathway is necessary for a proper balance
between endocrine and exocrine cell differentiation. This balance is also
exerted by SOX9-induced Neurogenin 3 (Ngn3), a gene necessary for
endocrine fate, which negatively feedback on SOX9. Moreover, the NOTCH
pathway, through its target Hes1, can induce repression of Ngn3
expression, resulting in a complex regulatory network (Fig. 1.2.3) [139].
Finally, as mentioned before, SOX9 expression during CNS development,
partially controlled by Notch pathway, is also controlling RGC
maintenance as well as oligodendrocyte and astrocyte specification [140].
This aspect of SOX9 functionality will be further discussed in chapter 3.

Figure 1.2.3. Notch/SOX9 interaction controlling cell differentiation
during pancreatic development.
Obtained from [139].

1.2.2.2 Campomelic Dysplasia
In humans, heterozygous mutations in either the coding or regulatory
regions of SOX9, lead to Campomelic Dysplasia (CD) [141] and the same
phenotypes are recapitulated in Sox9+/- mice [132]. The phenotypes in
many of these cases are explained by haploinsufficiency, although there
are some indications that specific mutations affecting the protein can give
‘dominant-negative’ effects during ear development (Kathy Cheah,
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personal communication). The defects characterizing CD reflect all the
fundamental roles of SOX9 during embryonic development. CD patients
are affected by skeletal malformations and respiratory deficiency,
reflecting the involvement of SOX9 in chondrocytes final differentiation
and ECM deposition, also affecting lung morphogenesis. CD patients also
present genital ambiguity that can also lead to full male to female sex
reversal, depending on the severity of the mutation. Cleft palate is also
occasionally present in CD patients, reflecting disruption of NC cell
specification or migration. Finally, a few CD cases have been identified
with agenesis or thinning of the corpus callosum, potentially reflecting the
role of SOX9 in astrocyte specification during brain development [142,
143].

1.2.3 Roles of SOX9 during CNS development
During CNS development, SOX9 starts to be expressed in SOX2+ NECs in
the VZ around E10.5 in both forebrain [19] and spinal cord [144] (Fig.
1.2.4); therefore the timing of its expression coincides with the induction
of RGCs from NECs. Therefore, SOX9 was hypothesized to be implicated
with induction of RGCs as well as acquisition of glial cell potential.
As RGCs differentiate, SOX9 expression is lost in neuroblasts as well as
mature neurons, but persists in differentiating and mature astrocytes,
ependymal cells and adult NSCs [145]. On the other hand, SOX9 is
expressed in OPCs, but lost in mature oligodendrocytes [144].
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Figure 1.2.4. Onset of SOX9 expression in the developing forebrain
and spinal cord.
Obtained from [19].

1.2.3.1 The role of SOX9 in RGC induction and maintenance
The crucial requirement of SOX9 for RGC induction and maintenance was
shown by both gain- and loss-of-function experiments respectively [19].
Indeed, ectopic SOX9 expression in vivo, before its normal onset, induces
premature RGC formation as observed in vitro by precocious neurosphere
formation, indicating that SOX9 is sufficient for their induction [19]. In
addition, conditional deletion of Sox9 using Nestin-Cre causes reduced RGC
proliferation in the developing forebrain VZ as well as reduced
neurosphere formation in vitro [19], demonstrating that SOX9 is also
required for their maintenance.
Sox9 expression in this context is downstream of SHH [19] and Notch,
because the effect of each pathway on NSCs depends on SOX9 induction
[140]. SOX9 regulates proliferation of neural stem cell in other contexts as
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well, such as the adult NSCs of the SVZ and SGZ, where SOX9 contributes
to NSC quiescence and long-term maintenance, and its expression is
upregulated following increased activity of the tumour suppressors
Ink4/Arf and p53 in aged mice [146]. Moreover, SHH- and SOX2- driven
SOX9 expression is associated with an increase in cell proliferation and
self-renewal in glioblastomas [147, 148].
Changes in proliferation have, however, not been reported upon Sox9
deletion in the developing cerebellum using Pax2Cre/+ [149] or in the spinal
cord using Nestin-Cre [144]. These results might indicate that the role of
SOX9 for RGC maintenance depends on the specific brain region.
Alternatively, timing of Sox9 deletion may result in different phenotypes.

1.2.3.2 SOX9 role in neuron to glial switch
The best-known role of SOX9 during CNS development is the acquisition
of glial potentiality by RGCs. Indeed, SOX9 deletion leads to reduction of
both S100b astrocytes and PDGFRa+ OPCs in both forebrain [19] and
spinal cord [144]. SOX9 has been suggested to control the switch from
neurogenesis to gliogenesis via induction of NFIA, which can directly bind
and induce expression of astrocyte specific genes, such as GFAP, GLAST,
Mdm2, Apcdd1 [150]. In the absence of SOX9, NFIA expression is delayed
by 24 hours in the spinal cord; the recovery is due to compensatory ability
of BRN2 (also known as Pou3f2) which is also able to induce NFIA
expression in the spinal cord [151]. SOX9 also physically interacts with
NFIA controlling its functionality; in its absence, NFIA induction of
downstream targets is weaker [150].
During embryonic development, SOX9 controls initial fate specification of
RGCs towards the oligodendrocyte cell lineage. However, deletion of SOX9
only delays oligodendrocyte generation in the developing spinal cord
[144], and this cell type recovers later during development due to
functional redundancy with SOX8 [152]. While SOX10, despite being
expressed early, only controls their final differentiation [153].
Oligodendrogenesis is also controlled by SOX9 in the developing
cerebellum [154], however here S100b and GFAP expression are
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unaffected by SOX9 absence [149], which indicates that oligodendrocyte
and astrocyte differentiation are not equally dependent on SOX9
expression in different brain areas. However, some aspects of SOX9
activity are common, notably its role in induction of the neuron-to-glia
switch in both the CNS and PNS has been shown to be controlled by Notch,
both in vivo and in vitro [140, 155].
Initiation of gliogenesis correlates with termination of neurogenesis.
Therefore, impairment of gliogenesis may be associated with persistent
neurogenesis. This is indeed what is observed after Sox9 deletion in the
developing cerebellum, where late born PAX2+ interneurons were
increased [149], and in the developing forebrain, where PSA-NCAM
neuroblast generation increased after Sox9 deletion at the expense of glial
cells, although these failed to differentiate into fully mature Tuj1+ neurons
[19]. These results are, however, controversial, because in other studies
neuronal differentiation upon Sox9 ablation was not observed in the
developing cerebellum [149], or it only increased ventrally derived spinal
cord motoneurons while not affecting the dorsally derived interneurons
[144]. Altogether, these results suggest, as mentioned earlier, a regional
specificity of SOX9 function in the neuron-to-glia switch, or at least a
modulation of the phenotype due to the timing of the deletion of the gene.
In conclusion, Sox9 expression during CNS development is controlled by
SHH and Notch. Its main role is controlling astrocyte and oligodendrocyte
lineage specification in both the brain and spinal cord. Sox9 deletion has
been correlated with decreased stem cell maintenance and increased
neurogenesis, but this depends on the CNS area analysed and, probably,
timing of deletion.
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Figure 1.2.5. Summary of SOX9 expression during CNS development
and effects of its deletion.
A) NECs initially proliferate and give rise to neurons. Around E10.5 the
neuron-to-glia switch occurs as they start generating astrocyte and
oligodendrocytes as well. Sox9 expression start around E10.5 in NECs and
is only maintained in mature astrocytes, while is lost on other mature cell
types of the CNS.
B) When Sox9 is deleted, RGCs induction and proliferation is affected, the
neuron-to-glia switch is delayed causing reduction in astrocytes and
oligodendrocytes numbers and overproduction of neurons. Note that
when Sox9 is deleted with Nestin-Cre, its expression is not removed from
the very beginning.
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1.2.4 Open questions about the role of SOX9 in the
forebrain
1.2.4.1 Oligodendrogenesis
The role of SOX9 during embryonic CNS development has been extensively
investigated, however mostly in the spinal cord. Relatively little is known
about its role in brain development, which is substantially different from
that of the spinal cord.
For example, oligodendrogenesis in the spinal cord, of which SOX9 is an
important regulator, occurs differently compared to the forebrain. In the
former, it happens in two ventral-to-dorsal waves, starting at E12.5 until
E16.5, and most of the adult oligodendrocytes originate from the ventral
wave. Instead, in the forebrain, oligodendrogenesis takes longer as it starts
around E13.5 ventrally and finishes at birth dorsally. In this case,
oligodendrocytes generated ventrally populate the whole embryonic
forebrain.

However,

when

later-born

dorsal

telencephalon

oligodendrocytes are generated, they will populate their area of origin and
replace the oligodendrocytes of ventral origin. Deletion of Sox9 during
spinal cord development initially prevents oligodendrogenesis, which
then recovers due to functional redundancy with SOX8 [144, 152]. It is not
known whether similar mechanisms occur during forebrain development.

1.2.4.2 Adult phenotypes
The post-natal consequences of Sox9 embryonic deletion in the CNS have
not been characterised. This is due to lack of a mouse model that would
allow survival of Sox9 mutants into adulthood. In fact, most of the studies
presented so far involve using the Nestin promoter as a Cre driver for a
conditional Sox9 deletion [156]. Most Sox9fl/fl;Nestin-Cre mutants die at
birth, possibly due to Nestin-Cre being expressed outside the CNS in
tissues where SOX9 is required, such as pancreatic islets, heart and kidney
[157].
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Analysis of the adult phenotype would be extremely useful to study
whether astrocyte and oligodendrocyte development can recover in the
absence of SOX9, as observed for oligodendrogenesis in the spinal cord.
Finally, it would be interesting to analyse the activity of NSCs in the adult
brain lacking SOX9 expression from early embryonic development,
because this would indicate the ability of SOX9 to induce formation and
maintenance of adult NSCs.

1.2.4.3 Timing of recombination
Another disadvantage of using Nestin as a Cre driver is the timing of
recombination. Nestin begins to be expressed in RGCs at the time of their
switch from NECs, which coincides approximately with the onset of Sox9
expression. Moreover, there is a delay between Nestin transcription and
Cre activity, which allows for an initial up-regulation of Sox9 before its
deletion can take place [144]. A transient expression of SOX9 at the onset
of RGC induction as well as during the neuro-to-glia switch could be
sufficient to induce some downstream targets, leading to a partial
phenotype. This might be particularly important for the role of SOX9 in
controlling RGC proliferation, as suggested by the different results
obtained when deleting Sox9 using Pax2Cre/+ or Nestin-Cre, which are
respectively active at E8.5 and E10.5, therefore before and after the onset
of SOX9 expression [144, 158].

1.2.5 Thesis aims and outline: exploring the role of
SOX9 during CNS development using a new genetic
model
The aim of my thesis was therefore to better characterise the role of SOX9
in neuroepithelial progenitors and during brain development by deleting
the gene specifically in the CNS, and by doing so before its onset of
expression in this tissue. To this aim, Sox1 was used as a Cre driver to
perform conditional Sox9 deletion [159]. Sox1 is specifically expressed in
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the neuroepithelium since E8.5, which should allow a CNS specific ablation
of Sox9 before onset of its expression [160]. Moreover, it was found that
Sox9fl/fl;Sox1Cre/+ mice survive into adulthood, allowing analysis of the
consequences of embryonic deletion of the gene in postnatal stages.
The first result chapter (Chapter 3) describes the initial general analysis
performed on this mouse model regarding oligodendrocyte and astrocyte
generation in the absence of SOX9 during embryonic development, and
their partial recovery in the adult brain. Moreover, RGC proliferation was
tested, but appeared unaffected in the absence of SOX9. Finally, a general
morphological analysis was performed and revealed the dentate gyrus of
the hippocampus to be the brain structure most affected in
Sox9fl/fl;Sox1Cre/+ adult mice.
The second result chapter (Chapter 4) describes recovery of
oligodendrogenesis in the absence of SOX9, and demonstrates that it is due
to functional redundancy with SOX8.
The third result chapter (Chapter 5) describes how the development of the
dentate gyrus is affected in the absence of SOX9. It suggests that the defect
may be due to an indirect effect of the astrocytic scaffold being severely
compromised in the absence of SOX9, causing disrupted migration of
dentate gyrus granule neuron progenitors.
The fourth result chapter (Chapter 6) describes the results obtained from
an RNAseq analysis aiming to characterize SOX9 target genes in the
archicortex, the embryonic structure giving rise to the hippocampus.
Finally, Chapter 7 contains a general discussion about the results
presented in this thesis.
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Chapter 2.
Materials and methods
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The suppliers and catalogue numbers of all reagents and kits used in this
thesis are listed in the Appendix Table 8.1.1 and 8.1.2.

2.1 Mouse husbandry and regulation
All experiments carried out on mice were approved under the UK Animal
(scientific procedures) Act 1986 (Project licences 80/2405 & 70/8560).
Mouse husbandry, breeding, ear biopsies and vaginal plug (VP) checks
were performed by the Biological Research Facility team. Animals were
kept in individually ventilated cages (ICV) with access to food and water
ad libitum. The VP day was considered as 0.5 day from time of conception
(E0.5) and the day of birth termed P0.

2.1.1 Mouse lines
Mouse lines used in this thesis are listed in Table 2.1.1; with a
representation of corresponding alleles shown in Fig. 2.1.1. Breeding
schemes are shown in Fig. 2.1.2. Sox9 conditional models were obtained
by crossing Sox9fl/fl, Sox1Cre/+ and R26ReYFP lines or Sox9fl/fl, Nestin-Cre and
R26ReYFP lines. Sox8 and Sox9 double mutants were obtained by crossing
Sox9fl/fl;Sox1Cre/+ with Sox8LacZ/LacZ mice (referred as Sox8-/-). For Creinduced cell death analysis, a Sox1Cre-ERT2/+ line was used, crossed with
R26ReYFP. All Cre lines were maintained in heterozygosity.
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Name

Allele (MGI)

Sox9fl

Sox9tm2Crm
(2429649)

Sox1Cre

Sox1tm1(cre)Take
(3807952)
(no gene)Tg(Nes-

Nestin-Cre

cre)1Kln

(2176173)
Sox1tm3(creERT2)Vep
(3807952)

Sox1Cre-ERT2

Gt(ROSA)26Sort
R26ReYFP

m1(EYFP)Cos

(2449038)
Sox8LacZ/LacZ

Sox8tm1Weg
(2154329)

Allele type

Location

Background

Targeted
(conditional)

Chr11

mixed MF1
and
C57BL/6J

Targeted
(recombinase)

Chr8

mixed MF1
and
C57BL/6J

Transgenic
(recombinase)

Chr12

C57BL/6

Targeted
(recombinase)

Chr8

mixed MF1
and
C57BL/6J

Targeted
(reporter)

Chr6

C57BL/6J

Targeted
(null/reporter)

Chr17

C57BL/6J

Table 2.1.1: Summary of mouse line used.

A
Sox9 conditional allele:
Sox1 driven Cre allele:

Chr. 11,
Sox9 locus
Chr. 8,
Sox1 locus

Nestin driven Cre allele:
Sox1 driven inducible Cre allele:

Sox8 null allele:
eYFP reporter allele:

Chr. 8,
Sox1 locus
Chr. 17,
Sox8 locus

Exon1

Exon2

Exon3

Sox1 promoter

Cre

Nestin promoter

Cre

Sox1 promoter

Cre-ERT2

LacZ

Chr. 6,
Gt(ROSA)26 locus

STOP

eYFP

Figure 2.1.1: mouse mutant alleles used.
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Figure 2.2.1: Mouse breeding scheme.
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2.1.2 Genotyping
Genotyping of embryos and adult mice was carried out either in the lab or
by Transnetyx®, using PCR or quantitative PCR respectively. In the lab,
DNA extraction was performed on a tissue biopsy in 20µl of DNAreleasy
(diluted 1:2 in distilled water; Anachem), following manufacturer’s
instructions. 1µl of extracted DNA was used for each genotyping reaction.
Lyophilized primers from Eurofins were resuspended in distilled water to
a stock concentration of 100µM and stored at -20°C. Primers mix for each
genotyping protocol (see Table 2.1.2) were made diluting corresponding
primers to 10µM in distilled water.

Primer ID

Target
line

Protocol
name

Com82
LacZ_494

GTCCTGCGTGGCAACCTTGG
Sox8LacZ

Sox8

Sox8_308
Rv_Sox9wt
Fd_Sox9wt

Sox9fl
Sox1Cre

Cre_3130

Sox1Cre-ERT2

GFP3'

TAAAAATGCGCTCAGGTCAA
GCCCACACCATGAAGGCATTC

Cre_6831
YFP-SP5'

Sequence (5’ – 3’)

R26ReYFP

Sox9
CRE
YFP

GTCATATTCACGCCCCCATT
AGACTCTGGGCAAGCTCTGG
CGCTCGACCAGTTTAGTTAC
CCAGCTAAACATGCTTCATC
CTACGGCCTGCAGTGCTTCGC
CCAGCAGGACCATGTGATCG

Table 2.1.2: List of primers used for genotyping.
When genotyping was performed in the lab, PCR mix was prepared
following the protocol listed in Table 2.1.3. PCR was performed on a Tetrad
2 Thermal Cycler (Bio-Rad). Programs consisted of 3min of initial DNA
denaturation incubation at 94°C, followed by 34 cycles of: 30sec
denaturation at 94°C (96°C for Cre and YFP protocol), 30sec (45sec for
Sox9) annealing at 58°C for Sox9, 62°C for CRE, 55°C for YFP and 56°C for
Sox8 protocols and 30sec (1min30sec for Sox9) of elongation at 72°C. A
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final elongation at 72°C was performed for 10min, then samples were held
at 15°C.
Two percent (w/v; for Cre, Sox8 and YFP protocols) or 3% (w/v; for Sox9
protocol) agarose gels were prepared with 1x Tris-acetate EDTA (TAE).
For DNA visualisation, 5µl of SYBR Safe were added to 100ml of gel. Gels
were visualized with Omega Fluor gel documentation system (Aplegen).
Protocol

Sox9, YFP

distilled water

4.2

CRE
3.2

DMSO

12.55
1.25

Betaine 5M

2

Buffer n.3 10x

1

Buffer 10x
1% Cresol Dye

Sox8

1

MgCl2

2
1

2.5

1

2.5

1

1.5

Primers mix 10µM

0.5

0.5

3

dNTPs 10mM

0.2

0.2

0.5

Taq polymerase

0.1

0.1

0.2

DNA

1

1

1

Final volume

10

10

25

Table 2.1.3: PCR mix composition. Volumes are given in µl for one
reaction.

2.1.3 EdU injection
EdU injection was used to analyse cell proliferation rate or for birth-dating
analysis. 5-Ethynyl-2’deoxyuridine (EdU) was dissolved in sterile
phosphate-buffered saline (PBS) at a concentration of 10mg/ml for few
minutes in a 65°C water bath, then aliquoted and stored at -20°C. EdU was
injected intraperitoneally at a dose of 30µg/g body weight (30µl/10g body
weight).
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2.2 Tissue harvesting
2.2.1 Embryonic and early post-natal brain harvesting
and fixation
Solutions used in this protocol:
•

4% PFA: 4% (w/v) of paraformaldehyde were dissolved in PBS at
65°C in a waterbath for few hours. pH was adjusted to 7.4 using
NaOH or HCl solutions. Final solution was then filtered with a
0.22µm pore size vacuum filter, aliquoted and stored at -20°C.

Pregnant females were killed by a Schedule 1 method and the abdomen
opened to expose the uterus. Embryos were dissected out in chilled PBS
and killed by decapitation. Embryonic heads were fixed by immersion in
chilled 4% PFA at 4°C for 1 hour (E10.5 and E11.5), 1.5 hours (E12.5 to
E16.5) or 2 hours (E18.5). From E16.5 onwards, brains were dissected out
of the skull before fixation. P0 and P2 pups were killed by cervical
dislocation, then heads were kept in chilled PBS during dissection. Brains
were dissected out and fixed by immersion in chilled 4% PFA at 4°C for 2
hours. For both embryos and pups, a tail/skin biopsy was taken for
genotyping. Before fixation, dissected brains were checked under
fluorescence microscopy for R26ReYFPexpression.

2.2.2 Adult mouse brain fixation by intracardiac
perfusion
Solutions used in this protocol:
•

Anaesthesia mix: 12.5mg/ml of 2,2,2 Tribromoethanol were
dissolved in 25µl/ml of 2 Methyl-2 butanol at 65°C in a water bath
for few seconds. Enough amount of injectable water was added and
the solution was stored up to 3 weeks at 4°C.
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•

Heparin: 1ml of 20 units/ml heparin was diluted in 249ml of PBS and
stored up to 3 weeks at 4°C.

•

4% PFA: Described above (2.2.3).

Adult mice were anesthetized with intraperitoneal injection of 400µl of
anaesthesia mix. Once mice had lost complete sensibility (checked by
pinching the paw), hearts were exposed and the right atrium was cut to let
the animal bleed out. Mice were then intracardially perfused by inserting
to the left ventricle a needle linked to a peristaltic pump (Gilson Peristaltic
Pump Minipuls 3), initially with 15ml of chilled heparin and subsequently
with 30ml of chilled 4% PFA. Brains were then dissected out, washed in
chilled PBS and post-fixed overnight in 4% PFA at 4°C.

2.2.5 Post fixation tissue treatments
Solutions used in this protocol:
•

Sucrose 30%: w/v in PBS, stored at 4°C.

•

70% ethanol: v/v in distilled water.

After fixation, embryonic and adult brains were washed once in PBS,
cryopreserved in sucrose 30% for up to 3 days, then embedded in optimal
cutting temperature compound (OCT), frozen on dry ice, and stored at 80°C. For hematoxylin and eosin (H&E) staining, embryonic and adult
brains were fixed overnight in Bouin’s solution in tubes placed on a roller
at 4°C, then washed twice for 10min in 70% ethanol and stored in 70%
ethanol until processing.
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2.3 Sample sectioning, staining and imaging
2.3.1 Cryosections
Solutions used in this protocol:
•

0.1M phosphate buffer (pH 7.2): 3.18mg/ml of sodium monobasic
phosphate monohydrate (NaH2PO4 H2O), 10.94mg/ml of sodium
phosphate dibasic (Na2HPO4), 18mg/ml of sodium chloride (NaCl) in
distilled water.

•

Cryoprotective solution: 0.05M phosphate buffer (pH 7.2), 30%
(w/v) sucrose, 1% (w/v) polyvinyl-pyrrolidone (PVP40), 30% (v/v)
ethylene glycol in distilled water.

Samples were sectioned with a Leica CM3050S cryostat. Embryo and pup
samples were sectioned at 14µm thickness and sections placed directly on
Superfrost Plus glass slides. Adult brain samples were sectioned at 50µm
and free-floating sections were placed in 24-well plates filled with PBS.
Sections on slides were stored at -20°C, while floating sections were
washed in PBS twice for 10min then stored at -80°C in cryoprotective
solution.

2.3.2 Immunofluorescence
Solutions used in this protocol:
•

PBT: 0.1% (v/v) Triton X-100 in PBS

•

Blocking solution: 10%(v/v) donkey serum in PBT

Sections on slides were initially air-dried for few minutes. Both freefloating sections and slides were then washed twice for 5min in PBS to
remove OCT, and incubated in a humidified chamber for at least 30min in
blocking solution.
For some antibodies and tissues (embryos, pups or adults), antigen
retrieval was necessary and is listed in Table 4. Antigen retrieval was
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performed before applying blocking solution. Slides were immerged in
10% target retrieval solution pH6.1 diluted 1:10 in distilled water, then
incubated for 30min at 65°C using a water bath or 15min at 95°C using a
decloaking chamber (Biocare Medical). Slides were washed twice for
10min in PBS. Sections were then incubated overnight at 4°C with primary
antibodies (Table 2.2.1) diluted in blocking solution. The day after,
sections were washed twice for 5min in PBT, then incubated with
secondary antibodies (Table 2.2.2) and DAPI diluted in blocking solution
for 2h at room temperature in a dark chamber. Finally, sections were
washed again twice for 5min in PBS and briefly in distilled water. Freefloating sections of adult brains were mounted onto Superfrost Plus glass
slides. Slides were air-dried then mounted with Aqua-poly/Mount and
ProLong under a coverslip.
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Antigen

Host

Dilution

Vendor

Catalog #

65°C

ALDH1L1

rabbit

1:500

Abcam

ab87117

e

Caspase

rabbit

1:400

R&D system

AF835

DCX

goat

1:200

Santa Cruz

sc-8066

GFAP-Cy3

mouse

1:500

Sigma

C9205

Ki67

rabbit

1:500

Abcam

ab16667

Lef1

rabbit

1:200

Cell Signalling

2230P

MAG

rabbit

1:200

NEB

9043S

NeuN

mouse

1:200

Millipore

MAB377

NF1A

rabbit

1:500

Active Motif

39397

e

NF1B

rabbit

1:200

Abcam

ab185738

e

Olig2

rabbit

1:200

Millipore

AB9610

PARP1

rabbit

1:200

Abcam

ab32064

PDGFRa

goat

1:200

Bio-Techne

AF1062

PH3

mouse

1:200

Abcam

ab14955

Prox1

rabbit

1:500

BioLegend

PRB-238C

e, p

Reelin

mouse

1:200

Abcam

ab78540

e

S100B

rabbit

1:500

DAKO

Z0311

Sox2

goat

1:500

Neuromics

GT15098

Sox9

guinea
pig
goat

Tbr1

rabbit

1:500

Abcam

ab31940

Tbr2

rabbit

1:500

Abcam

ab23345

Tuj1

mouse

1:200

BioLegend

MMS-435P

YFP

rat

1:1000

Fine
chemical
04404-84
products

Sox8

e

e, p
p

e

1:200

Kindly donated
by Dr Wegner
R&D system
AF3075

e
e

1:500

95°C

p

e, p

Table 2.2.1: List of primary antibodies used.
Antigen retrieval protocol (65°C: waterbath or 95°C: decloaking chamber)
was performed for the indicated samples (e: embryos; p: pups).
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Fluorophore

Host and species
reactivity

Dilution

Alexa 568

Donkey anti Rabbit

1:500

Alexa 647

Donkey anti-Rabbit

1:500

Alexa 568

Donkey anti-Goat

1:500

Alexa 647

Donkey anti-Goat

1:500

Alexa 594

Donkey anti-Mouse

1:500

Alexa 555

Donkey anti-Mouse

1:500

Alexa 647

Donkey anti-Guinea
pig

1:500

Alexa 488

Donkey anti-Rat

1:500
1:500

DAPI 300µM

Vendor
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Catalog#
A10042
A31573
A11057
A21447
A21203
A31570
A21450
A21208
D1306

Table 2.2.2: List of secondary antibodies and nuclear staining used.

2.3.4 Apoptosis detection
Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assay was used for apoptosis detection, using the ApopTag® Red In Situ
Apoptosis Detection Kit. The terminal deoxynucleotidyl trasferase (TdT)
included in the kit enzymatically add digoxigenin tagged nucleotides
(contained in the reaction buffer) to the free 3’OH DNA ends generated
during apoptosis. Digoxigenin is then visualised with anti-digoxigenin
antibodies conjugated to a fluorophore for imaging. The assay was
performed

following

manufacturer’s

instructions,

after

immunofluorescence, and sections mounted as described above.
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2.3.5 EdU detection
Detection of DNA-incorporated EdU was performed after immunostaining,
using Click-iTTM EdU imaging kit. Detection is based on a covalent reaction
between the alkyne contained in the incorporated EdU and the azide
contained in the fluorescent dye, provided in the kit.
To further permeabilize sections after immunofluorescence, sections were
incubated in PBS with 0.5% (v/v) Triton X-100 for 15min, then incubated
in Click-iTTM reaction for 30min at room temperature in a humidified
chamber, according to manufacturer’s instructions. Finally, sections were
washed twice for 5min in PBS then briefly in distilled water, air-dried and
mounted as described above.

2.3.6 Hematoxilin-eosin (H&E) staining
Samples were embedded in wax, sectioned at 4µm and stained with H&E.
The whole protocol was performed by the institute’s Experimental
Histopathology facility.

2.3.7 In situ hybridization
Solutions used in this protocol:
•

Tris-HCl 1M pH9.5: 151.3mg/ml of Tris base in distilled water, with
the pH adjusted with Hydrochloric Acid (HCl)

•

Pre-hybridisation buffer: 50% (v/v) deionised formamide, 1X salinesodium citrate (SSC) diluted in RNase free water

•

Hybridization buffer: 50% (v/v) deionised formamide, 4X SSC,
0.01M b-mercaptoethanol, 10% dextran sulphate, 2X Denhart’s
solution, 0.23mg/ml yeast t-RNA diluted in RNase free water

•

Washing buffer: 50% (v/v) deionised formamide, 1X SSC, 0.1% (v/v)
Tween® 20 diluted in MilliQ water

•

MABT: 20mM Maleic acid, 30mM sodium chloride (NaCl), 0.02%
(v/v) Tween® 20, adjusted to pH7.5 and diluted in MilliQ water
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•

Blocking buffer: 10% (v/v) sheep serum, 2% (v/v) blocking reagent
diluted in MABT

•

Pre-staining solution: 100mM NaCl, 50mM magnesium chloride
(MgCl2), 100mM Tris-HCl pH9.5, 1% (v/v) Tween® 20 in MilliQ
water

•

Staining solution: pre-staining solution, 5% (w/v) Polyvinyl alcohol
(PVA), 4.5µl of Nitrotetrazolium Blue chloride (NBT) and 3.5µl of 5bromo-4-chloro-3-indolyl-phosphate (BCIP) for every ml of staining
solution

•

4% PFA: as described above (2.2.3).

In situ hybridization (ISH) was used to detect mRNA on cryosections.
Digoxigenin-tagged RNA probes were made as described in paragraph
2.5.2.
Cryosections were initially air-dried, washed twice for 5min in PBS to
remove OCT, and fixed 30min with 4% PFA at room temperature in a
humidified chamber. Sections were then washed twice for 10min in PBS,
and incubated in pre-hybridization buffer for 1h in a 65°C waterbath. RNA
probes were denaturated in hybridization buffer for 10min at 70°C.
Hybridization was carried out in a humidified chamber overnight in a 65°C
water bath. The following day, sections were washed twice for 15min, and
once for 30min with pre-warmed washing buffer at 65°C, then twice for
30min with MABT at room temperature. Sections were then incubated in
a humidified chamber at room temperature for 1h in blocking buffer, then
overnight in anti-DIG coupled to alkaline phosphatase antibody (a-DIGAP) diluted 1:1500 in blocking buffer.
The following day, sections were washed four times for 20min at room
temperature with MABT then twice for 10min in pre-staining solution.
Alkaline phosphatase staining was then performed incubating slides with
staining solution for 1h to 2 days at 37°C in a dark chamber. Colorimetric
visualisation of target mRNA/digoxigenin was the result of the oxidative
reaction between a-DIG-AP and its substrate BCIP/NBT, producing a dark
blue precipitate. Once the desired staining intensity was reached, the
reaction was stopped washing sections twice for 10min in PBT. Sections
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were fixed for 10min in 4% PFA to increase staining durability, washed
twice for 5min in PBS then briefly in distilled water, air-dried, and
mounted under coverslip with Aqua-poly/Mount.

2.3.8 Imaging, counting and illustration
H&E and ISH stained sections were acquired with Leica DM750 light
microscope, and LAS (Leica Application Suite) EZ software was used for
acquisition. Sections processed for EdU, TUNEL and immunofluorescence
stainings were imaged using Leica TCS SPE confocal microscope with 10x,
20x and 40x objectives. LAS AF software was used for acquisition.
Acquisitions were performed as 1.5µm Z-stacks, with bidirectional X. For
image analysis and counting, ImageJ and QuPath softwares were used.
For cell quantification, 5 different images were acquired and counted per
analysed area for each sample.
Scientific figures were assembled on Adobe Illustrator and Photoshop.
Representative illustrations were made with Adobe Illustrator and
BioRender where indicated, adapted from publications with Adobe
Illustrator and Photoshop or used as they are (indicated as “obtained
from”). Thesis was written in Office Word.

2.4

Plasmids

and

probe

synthesis

and

purification
2.4.1 Bacteria transformation and inoculation
Luria-Bertani (LB) plate containing 100µg/ml ampicillin (LB-ampicillin)
were pre-warmed in a 37°C incubator. A bunsen burner was used at all
times to maintain sterility. Competent aliquots of E. Coli were thawed on
ice. 100µl of Bacteria were transformed with 200ng-10µg of DNA
(depending on quality of DNA) with 90sec heat shock in a 42°C water bath
and then immediately transferred on ice. 400-800µl of LB broth without
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antibiotics was added and bacteria incubated for 1 hour at 37°C in a
shaking incubator. 100-200µl of bacteria were then plated on pre-warmed
LB-ampicillin plate and incubated overnight at 37°C.
The following day, one colony was inoculated in a flask containing 50100ml of LB broth with 100µg/ml ampicillin. Bacteria were grown
overnight under agitation in a 37°C shaker.
The following day, plasmids were purified using NucleoBond Xtra Midi
plus kit for ISH probes’ plasmids and EndoFree Plasmid Maxi kit for in
utero electroporation plasmids following manufacturer’s instructions.
DNA concentration was measured using NanoDrop (Thermo Fisher
Scientific) and plasmid DNA was stored at -20°C.

2.4.2 Synthesis of ISH probes
Sox9 probe plasmid construct:
The antisense RNA probe for Sox9 was generated from an ampicillinresistant Sox9 plasmid gift of Dr. Paul Sharp. This plasmid contains the
cDNA of Sox9, followed by a T7 promoter. SmaI restriction site was chosen
to prevent presence of the HMG domain in the probe, and therefore
potential hybridisation of this conserved region with other members of the
SoxE family.
Sox8 probe construct:
The antisense RNA probe for Sox8 was generated from an ampicillinresistant pGEMT/171TA plasmid gift of Dr. Ryohei Sekido. This plasmid
contains a 400bp insert from Sox8 gene preceded by a SpeI restriction site
and followed by a T7 promoter, which were used for RNA probe synthesis.
Solutions used in this protocol:
•

Digestion mix: 5µl of plasmid (5-10µg), 1µl of enzyme (SmaI for Sox9
probe, SpeI for Sox8 probe), 2ul of 10x SmartCut buffer and 12ul of
RNase free water.
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•

Transcription reaction: 1µl linearized plasmid, 1X transcription
buffer, 2µl of DIG-tagged nucleotides, 1µl T7 RNA polymerase, 0.5µl
RNase inhibitor, 1µl DTT 100mM and 11.5µl of RNase free water.

To generate ISH probes, plasmids were first linearized in digestion mix for
1 hour at 37°C. Plasmid linearization was checked by running 1µl of
digested and 1µl of non-digested plasmid on 1% agarose gel (w/v).
Linearized plasmids were purified by phenol-chloroform extraction. DNA
was precipitated by adding glycogen (1µl every 400µl of mix), 1/20 of
sodium acetate 3M and equal volume of 100% ethanol and incubated at 20°C for 1 hour to overnight. The precipitate was recovered by
centrifugation at 13000 RPM at 4°C for 15min, air dried and resuspended
in 16µl of RNase free water.
For probe syntheses, transcription reactions were incubated at 37°C for 2
hours. RNA probes were checked by running 1µl of transcribed and 1µl of
non- transcribed plasmid on 1% agarose gel (w/v).
Synthesised RNA probes were precipitated by adding glycogen (1µl every
400µl of mix), lithium chloride 5M (8µl every 400µl of mix), 2/3 of final
volume of 100% ethanol and 1/3 of final volume of RNase free water, and
incubated at -80°C for 30min. Precipitates were recovered by
centrifugation at 13000 RPM at 4°C for 15min, and supernantant
discarded. Pellets were washed in 70% ethanol (v/v) centrifuged at 13000
RPM for 15min at 4°C and supernantant discarded. RNA probes were then
air-dried at 37°C and resuspended in 50-100µl of hybridisation buffer (see
section 2.3.7).

2.4.3 Plasmids for in utero electroporation
Plasmids used for in utero electroporation were kindly donated by Dr.
Lucas Baltussen (Mikuni et al., 2016). Plasmid constructs are as follow:
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pCAG-hyPBase construct:
hyPBase (hyperactive piggyBac transposase) from the pCMV-hyPBase
vector was subcloned to a pCAGGS vector to obtain the pCAG-hyPBase
(ampicillin resistance).
pPB-CAG-DsRed construct:
pCAG-DsRed2 vector (for dsRed expression) subcloned into pPB-CAG
vector (empty piggyBac backbone, CAG promoter and ampicillin
resistance).
The piggyBac transposon system was used to avoid episomal plasmid loss
upon cell division. When both plasmids are electroporated in the same cell,
the piggyBac transposase expressed by the first plasmid will excise the
dsRed transposon from the second plasmid, and facilitates its insertion
into genomic DNA, allowing efficient tracing of daughter cells.
For electroporation, the two plasmids were mixed at a concentration of
1µg/µl per plasmid, together with 0.05% of FastGreen (for DNA solution
visualization, kindly donated by Dr. Lucas Baltussen) in injectable water.
The solution was aliquoted and stored at -20°C.

2.5 RNA extraction and transcriptome analysis
2.5.1 RNA extraction
For quantitative PCR analyses from E11.5 forebrains, E12.5 to E18.5 dorsal
telencephalons and ganglionic eminences, embryos were dissected in
sterile chilled PBS and immediately transferred in 200µl of chilled Trizol.
Tissues were disaggregated using a Pellet Pestle motor using RNAse free
pellet pestles (Sigma-Aldrich), 800µl of Trizol were added, then tubes
were stored at -80°C until RNA extraction.
For RNA extraction, samples were thawed and chloroform was added
(200µl/ml Trizol). Tubes were vortexed for 15sec. Samples were
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incubated at room temperature for 5min and centrifuged at 12000 RPM at
4°C for 15min. The clear aqueous upper phase containing DNA and RNA
(~500µl) was transferred into a new tube avoiding contamination from
other layers (white thin interphase containing proteins and a lower pink
phenol-chloroform phase containing lipids). To precipitate the RNA, an
equal volume of isopropanol (~500µl) was added to the tubes which were
then incubated for 10min at room temperature and centrifuged at 12000
RPM at 4°C for 10min. Supernatant was discarded, RNA precipitate was
washed in RNase free 70% ethanol (v/v), vortexed and centrifuged at
7500 RPM at room temperature for 5min. Supernatant was discarded,
RNA pellet was air-dried at 37°C for few minutes and resuspended in 20µl
of RNase free water. Tubes were kept at 60°C for 10min to help
resuspension. Extracted RNA was quantified with NanoDrop (Thermo
Fisher Scientific) then stored at -80°C.
To increase quality and quantity of extracted RNA for quantitative PCR
analysis from E12.5 dorsal forebrains and archi-cortices and for RNAseq
analysis from E12.5 and E13.5 archi-cortices, the RNeasy Plus Micro kit
was used. Embryos were dissected in sterile chilled PBS and tissues were
snap frozen in liquid nitrogen and stored at -80°C until RNA extraction.
RNA was extracted following manufacturer’s instructions. Extracted RNA
was quantified with NanoDrop (Thermo Fisher Scientific) then stored at 80°C.

2.5.2 Complementary DNA (cDNA) synthesis
When RNA was extracted with Trizol, cDNA was synthetized with
SuperScript® III (SSIII) Reverse Transcriptase as follows. Genomic DNA
was first eliminated by DNase digestion (1500ng of RNA digested with 1µl
of RQ1 DNase in 1X first-strand buffer (from SSIII kit) diluted in RNase free
water). Reaction was incubated at 37°C for 30min, then the DNase was
inactivated at 65°C for 10min. 300ng of random primers and 10mM dNTPs
were added to the mix and incubated at 65°C for 5min then immediately
put back on ice, to denature RNA secondary structures. RNA was reverse
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transcribed in 1X first-strand buffer, 1µl of 100mM DTT, 0.5µl of SSIII (all
three from SSIII kit), 0.5µl of RNase inhibitor diluted in RNase free water.
This reaction was incubated on the Tetrad 2 Thermal Cycler (Bio-Rad)
with the following program: 25°C for 5min, 50°C for 1h, 70°C for 15min
then hold at 4°C. cDNA was diluted 1:10 in distilled water.
When RNA was extracted using the RNeasy Plus Micro kit, reversetranscription was performed in 1X qScript cDNA SuperMix with 250ng of
extracted RNA diluted in RNase free water. The reaction was incubated on
the Tetrad 2 Thermal Cycler (Bio-Rad) with the following program: 25°C
for 5min, 42°C for 30min, 85°C for 5min then hold at 4°C. cDNA was diluted
by adding 5 volumes of distilled water for an average final cDNA
concentration of 200µg/µl. cDNA was stored at -20°C.

2.5.3 Real time quantitative PCR and analysis
Gene expression was assessed by real time quantitative PCR (qPCR). qPCR
mix contained 800µg of cDNA in 1X ABsolute QPCR SYBR Green ROX Mix
and 40nM of primer mix (forward and reverse primers were pre-mixed;
primers sequences are indicated in Table 2.5.1). Expression levels of the
house-keeping

gene

Glyceraldehyde

3-phosphate

dehydrogenase

(GAPDH) were used as reference. Each sample was run in technical
triplicates, in case of high variability, one of the technical triplicates was
removed. Biological replicates are indicated for each experiment.

104

Forward
(5’-3’)
TTCACCACCATG
GAGAAGGC
AAGAAAGACCAC
CCCGATTACA

Reverse
(5’-3’)
CCCTTTTGGCTC
CACCCT
CAGCGCCTTGAA
GATAGCATT

AGCGAGAAGAGG
CCGTTTG

TCAGTACCAGAG
TCTGAGTCG

CTTTGTACATGC
AGCAGGAC
GTGGAACCGGTG
AATCTTTC

TTCCTGCAGCTA
TTGGTGTTT
TCTGTCCTGGGC
TCTATTCC

Aldh1l1

Not specified

not specified

Qiagen

Cxcr4

Not specified

not specified

Qiagen

Gene
Gapdh
Sox9
Sox8
Nf1a
Nf1b

Supplier

Catalog #

Eurofins

N/A

Eurofins

N/A

Eurofins

N/A

Eurofins

N/A

Eurofins

N/A
PPM27706
B-200
PPM03149
E-200

Table 2.5.1: List of primers used for qPCR.
Relative expression of the genes of interest were calculated by
normalisation of the detected expression value to the geometric mean of
the reference GAPDH gene using the ΔΔCt method [161]. More precisely,
average cycle threshold (Avg Ct) was first calculated among technical
triplicates or duplicates of each sample. Average delta Ct (Avg DCt) was
then deduced by subtracting GAPDH Avg Ct to sample Avg Ct. The relative
quantification (RQ) of cDNA for each gene was calculated as 2-AvgDCt. The
fold change of each sample was calculated in reference to the average RQ
of control samples group (control RQ) as: sample RQ/control RQ. The
qPCR final results are shown as histograms, where each bar shows the
average fold change of experimental replicates. Error bars are represented
as standard error of the mean (SEM).

2.5.5 mRNA sequencing
RNA quality control, cDNA library synthesis and sequencing were
performed by the Genomic Park and Advanced Sequencing facility of the
Francis Crick Institute.
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For each sample, 500ng of purified RNA were submitted for RNA quality
control and subsequently cDNA library preparation from mRNA, which
was performed using KAPA mRNA HyperPrep Kit (Illumina) which allows
specific capture of polyA tails. Sequencing was performed on HiSeq4000
(Illumina) and analysis performed by the bioinformatics and biostatistics
facility. RNAseq reads quality was assessed with the FastQC program,
where multiple parameters are analysed, such as: millions of sequences
obtained, % of duplicate reads, % of GC content, % of mRNA or rRNA and
number of genes with at least 5 reads.
RNAseq reads generated were then mapped to the Mus musculus
transcriptome to generate read counts for each transcript. Differential
expression analysis was performed by Miriam Llorian Sopena from the
bioinformatics facility of the Francis Crick Institute.
For each comparison, principal component analysis (PCA) was performed
for was performed to analyse similarity between samples expression
profiles as well as consistency between biological replicates. Each sample
is represented by a dot in PCA plot, the closer dots are the more similar is
their expression profile.
Lists of differentially expressed (DE) genes were generated for each
comparison (CTRL vs. WT at different stages). Genes were considered DE
only when their p-adj value was below 0.05. Lists of DE genes were
manually analysed to identify potentially interesting genes. For this
analysis only genes with a BaseMean above 100 were considered, as it
would correct for very low expressed genes that would not have a
biological effect even with a high fold change. Lists of DE genes were also
used to perform pathway analysis with MetaCore. MetaCore is an online
based software that perform a pathway map enrichment analysis on
uploaded datasets of DE genes. The output is a list of pathways in which
the DE genes uploaded are enriched.
Gene Set Enrichment Analysis (GSEA) was performed using the Canonical
pathways and Biological processes collection of gene sets. Contrary to
MetaCore, GSEA takes into consideration all list of gene differentially
expressed in each comparison, without considering their p-adj value. GSEA
calculates the enrichment score (ES) for each gene set contained in the
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collection selected, which reflects the degree to which each gene set is
represented in the examined list of DE genes. The ES score can be positive
or negative, which indicate whether the gene set is respectively enriched
or downregulated in the examined list of DE genes. To compare ES analysis
between different gene sets, the normalised enrichment score (NES) is
calculated as ES divided by the gene set size. The statistical significance of
the NES for each gene set analysed is indicated with a false discovery rate
(FDR) which is considerate significant when below 0.05. For our GSEA, we
picked a list of gene sets particularly relevant in our system, and compared
their NES in each comparison.

2.6 Cell migration analyses
2.6.1 In utero electroporation
In utero electroporation was used to sparsely label and trace the progeny
of progenitors lining the lateral ventricles during embryonic brain
development. Electroporation was performed on E15.5 embryos for
targeting the developing dentate gyrus [162].
Pregnant females weight was monitored 48 hours before surgery (E13.5)
to confirm pregnancy. The day before surgery, females were single caged
and analgesia (Carprofen, dose 50mg/ml) was administered via drinking
water. On the day of surgery, females were anaesthetised using isoflurane
and injected subcutaneously with a mix of 10mg/kg of meloxicam and
0.1mg/kg of buprenorphine diluted in injectable water. Females’ eyes
were kept moist using Viscotears eye gel. Abdomen was shaved and
cleaned with chlorhexidine, and surgery performed respecting using
aseptic techniques. Anesthetised mice were then moved to surgical area
and kept on a heating pad where their body temperature was monitored.
Laparotomy and exteriorisation of the uterus were then performed. 10µl
of DNA was loaded using microloader tips into Ethylene Oxide (EtO) gas
sterilised borosilicate glass capillaries (1.0 OD x 0.58 ID x 100L mm) which
were pulled with a micropipette puller and the tip was broken using
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forceps. 1µl of solution containing the plasmid DNA was injected into the
lateral ventricle of embryos using a Femtojet pico dispenser, followed by
electroporation (5 pulses 38V of 50ms with 1s interval) with EtO gas
sterilised 5mm paddle type electrodes. The uterus was gently reinserted
into the abdomen and 30µg/g of body weight of EdU was added inside the
abdomen. Abdominal wall and skin were sutured separately using
continuous and subcuticular stitch 5/0 and 6/0 vicryl sutures respectively.
Mice were placed in a recovery chamber for a few hours. Analgesia
(Carprofen, dose 50mg/ml) was administrated in drinking water for the
following 48 hours. Electroporated animals were analysed at P2.

2.6.2 Software for cell migration analysis
Distance.gui software was used to analyse cell migration within the
forming dentate gyrus in embryonic cryosectioned brain tissues stained
for the granule neuron marker Prox1. The software was written by Vivien
Labat-gest and kindly donated by Dr. Federico Luzzati. The software
calculates the distance in pixels between a point and line. In our case, each
point is the single granule neuron, while the line is their migration line
from which we are calculating granule neuron distance. The input files
used by this software, for each analysed image, were the result file of
ImageJ cell counter (for the points coordinates) and the XY coordinates of
the reference line (migration line) extracted from ImageJ. The output file
is a list of numbers representing the distance in pixel of each granule
neuron from the migration line. For each picture, the range of granule
distribution (most distant neuron from the migration line) was used to
divide the forming dentate gyrus area in 10 bins, then percentage of
granule neurons per bin was calculated and plotted as a line (Fig. 5.2.8).
Cells in bin #1 would be closer to the migration line compared to cells in
bin #10.
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2.7 Behavioural analysis
2.7.1 Novel object recognition test (NORT)
The novel object recognition test (NORT) was used to analyse memory
formation in adult mice, as the ability to discern between new and familiar
objects. A 40x40cm arena made of white Plexiglas was built by the institute
mechanical engineer facility. Objects were assembled using general lab
material. Different pair of objects were used to avoid biases due to object
conformation. A Logitech 910C webcam and Logitech software were used
to record behavioural tests and videos were used for analyses.
Mice were acclimatised to the testing room for 1 hour before starting the
test. The operator was alone with the mice during the duration of the test
to avoid any disturbance. The behavioural test was performed on three
consecutive days, and each mouse spends 5min in the arena per day. On
the first day, mice were placed in an empty arena for adaptation. On the
second day, mice were exposed to two identical objects, for training. On
the third final day, mice were confronted to one familiar object (used the
previous day) and a new, different object. Arena and objects were
disinfected before every run with Anistel wipes and rinsed twice with
distilled water. Objects position within the arena was consistent among
animals.
The recordings from the first day of NORT (adaptation day) were used as
open field test, were anxiety/mice explorative behaviour can be assessed
depending on their time spend in the borders or in the centre of the arena.

2.7.2 Software analysis
Ethovision XT (Noldus) was used for the analysis of NORT video
recordings, thanks to a 1 month free trial kindly offered by Dr Richard
Lilley. Ethovision XT automatically detects mouse movements within the
arena and traces their tail, body and nose points.
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For NORT, I analysed recordings from NORT day 2 and day 3. In each video,
a circular area of 4cm radius around each object was considered as object
“exploration area”. Ethovision XT was then used to calculate the time spent
by each mouse (all three tracing points: tail, body and nose) in each object
“exploration area”, raw data of exploration time (seconds spent in
“exploration area” of each object) was exported from Ethovision XT as an
excel file (Microsoft) and percentage of time spent exploring each object
compared to total exploration time (sum of both objects exploration time)
was calculated.
For the open field test, I analysed recordings from NORT day 1. I
considered the centre of the arena as a central square area 4cm apart from
the arena borders. Ethovision XT was then used to calculate the time spent
by mice (considered as all three tracing points: tail, body and nose) in this
central area (“time in centre”) compared to the total arena area (“time in
border+time in centre”). Raw data of exploration time (seconds spent in
the centre of the arena or in the whole area) was exported from Ethovision
XT as excel files (Microsoft) and percentage of time spent in the centre of
the arena vs. the total area was calculated.

2.9 Statistical analysis
Statistical analysis for counting, qPCR and behavioural data were
performed on Prism 7 (Graphpad). Statistical analysis was performed
calculating student’s unpaired t-tests, when comparing two groups only,
or ordinary one-way ANOVA, when comparing two or more groups. Error
bars in counting and behavioural data represent standard deviation (SD).
Error bars in qPCR fold change analysis represent standard error of the
mean (SEM). Data shown as percentage were processed with angular
transformation before statistical analysis. P value is indicated as: ns (non
significant):p>0.05; *:p≤0.05; **:p≤0.01; ***:p≤0.001; ****:p≤0.0001.
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Chapter 3.
Characterisation of
Sox9fl/fl;Sox1Cre/+ mutants: proliferation,
neurogenesis and gliogenesis
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3.1 Introduction
3.1.1 SOX9 role in RGCs induction
The central nervous system (CNS) develops from the neural tube, which is
formed around E8.5 and at this stage consists of neuroepithelial cells
(NECs) which mainly divide symmetrically to amplify their pool. From
E10.5, NECs undergo a molecular and morphological change as they
become radial glial cells (RGCs) which can also divide asymmetrically to
initially generate maturing neurons or basal progenitors (BPs) that will
further amplify and then differentiate in neurons as well [29]. Notch and
SHH pathways activation promote RGCs induction and maintenance in
different ways. First, both pathways inhibit pro-neural genes expression,
such as neurogenenin 1 (Ngn1) and 2 (Ngn2) or Ascl1, by inducing their
repressors Id2 and Id4 [163]. In addition, they induce repression of
astrocytes genes, such as Gfap and S100b [164]. Finally, they promote cell
proliferation through c-myc and N-myc upregulation [165, 166]. BMP and
Wnt signallings are instead promoting neurogenesis at this stage as they
induce the pro-neural gene Ngn1 [167] and neural specific genes such as
Tuj1 [47], which in parallel inhibits gliogenic genes expression, as well as
promoting RGCs maintenance via induction c-myc [168].
During this process, SOX9 expression starts in SOX2+ RGCs at around
E10.5 and it is involved in their induction from NECs [19]. In fact, deletion
of Sox9 using Nestin-Cre, active at the time of Sox9 onset of expression,
leads to a significant reduction of forebrain RGCs proliferation as well as
number of neurospheres generated in vitro from dissected forebrains,
reflecting the inability of mutants RGCs to self-renew [19]. SOX9
expression in this context is controlled by SHH [19] as well as NOTCH
[140], as shown by increased Sox9 expression as well as number of NSCs
following activation of either pathway.
Interestingly, reduction of RGCs proliferation was not detected when Sox9
was conditionally deleted in the developing spinal cord using Nestin-Cre
[144] or in the cerebellum using En1Cre/+ or Pax2Cre/+ [149], indicating that
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SOX9 control of RGCs proliferation might change depending on CNS area
analysed or timing of recombination. In fact, both Cre drivers used in this
last study [149] are active very early during CNS development: En1Cre/+
around E9.5 [169] and Pax2Cre/+around E7.5 [158]. While on the other
hand, Nestin-Cre is active around E10.5, therefore initiation of Sox9
expression may occur before its full deletion [144]. Altogether, this might
indicate that a complete absence of SOX9 since its earliest appearance
might activate redundant pathways that are not induced when SOX9 is
initially expressed and then lost, therefore explaining the increased
phenotype severity when deletion is performed later.
Moreover, different methods were used in each study to analyse RGCs
proliferation, such as Ki67 staining or different protocols of BrdU injection.
Therefore, further analyses are needed with consistent methodology to
clarify this aspect.

3.1.2 SOX9 role in neuro-to-glia switch
Soon after neurogenesis has started, RGCs undergo a switch in potential
which allows them to generate astrocytes or oligodendrocytes instead of
neurons. This switch occurs at different stages depending on the CNS area
analysed. However, its timing is carefully regulated in order to generate
the right number of neurons and glial cells.

3.1.2.1 SOX9/NFIA axis for gliogenesis
Gliogenesis is induced by new-born neurons themselves, as they release
cytokines for the activation of the JAK/STAT pathway [66]. Activation of
the pathway alone is not sufficient to induce astrocyte differentiation
because the promoters of astrocytic genes, such as GFAP and S100b, are
still methylated at this stage of CNS development [69]. Accessibility to
astrocytic genes is induced by Notch pathway activation, which, at the end
of neurogenesis, result in upregulation of nuclear factor 1 A (NFIA) [81]
(the detailed mechanism is explained in chapter 1.1.4.2). Consequently,
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NFIA binding on astrocytic gene regulatory regions induces dissociation of
the DNA methyltransferase DNMT1 ultimately increasing accessibility to
STAT binding [49].
SOX9 plays a role in this process as well, as it directly induces upregulation
of NFIA expression in spinal cord development as demonstrated by the 24
hours delays of NFIA expression in Sox9fl/fl;Nestin-Cre embryos [150].
Moreover, SOX9 directly interacts with NFIA for optimal induction of
downstream gliogenic targets, such as Gfap, Glast, Mdm2, Apcdd1, whose
expression is reduced in absence of SOX9 [150]. However, because
gliogenesis is only delayed in the spinal cord in absence of SOX9, this
indicates that other regulators are involved, such as BRN2 [151].
Additionally, SOX9 expression in both CNS and PNS is induced by Notch in
this context [155], and it is necessary for maintaining SOX9 expression,
and therefore sustain gliogenesis, at later stages of development [155].
Sox9 deletion also inhibits gliogenesis in the developing forebrain as GFAP
and S100b expression is reduced in Sox9 mutant forebrains [19]. However,
it is not known whether SOX9 and NFIA similarly interact during
gliogenesis in this region. In contrast, when Sox9 is conditionally deleted
using En1Cre/+ or Pax2Cre/+ [149], S100b+ and GFAP+ astrocytes were not
significantly affected in the developing cerebellum. This further indicates
that the mechanism of gliogenesis induction might differ depending on the
CNS region analysed or timing of Sox9 deletion.
Finally, it is not known whether, in absence of SOX9, production of S100b+
and GFAP+ astrocytes recover at later stages of CNS development. This is
due to current models of conditional Sox9 deletion that cause death at
birth, preventing any further analysis.

3.1.2.2 SOX9 in oligodendrocytes lineage specification
There are several differences during oligodendrogenesis, between the
forebrain and the spinal cord. During forebrain development,
oligodendrocytes precursor cells (OPCs) are continuously generated by
RGCs between E13.5 and birth, in a ventral to dorsal wave. This indicates
that RGCs undergo the switch in potential at different stages depending on
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their position in the forebrain. The first wave originates at E13.5 from the
ventral part of the medial ganglionic eminence (MGE), also called preoptic
area (POA) from NKX2.1+ RGCs. The second wave occurs around E16.5
and derives from GSX2+ RGCs in the lateral ganglionic eminence (LGE).
The third and final wave instead occurs around birth from the EMX1+
RGCs located in the dorsal telencephalon. In the spinal cord,
oligodendrogenesis is shorter probably due to its smaller size, and the final
dorsal wave occurs at E16.5. Moreover, in the developing forebrain, OPCs
generated by the ventral wave initially populate both ventral and dorsal
embryonic forebrain, while OPCs generated by the dorsal wave populate
the dorsal telencephalon as the ventrally derived OPCs are lost. Instead, in
the spinal cord, 80% of the OPCs derive from the ventral wave, while the
remaining is generated by the dorsal wave. This indicates that the
mechanism of oligodendrocytes generation and survival are different
between developing spinal cord and forebrain [74].
For lineage commitment, SHH and FGF are mainly involved in induction of
OLIG2 [76, 77], the obligate transcription factor for oligodendrocytes
differentiation. OLIG2 in turn induces expression of PDGFRa and Sox10.
SOX9 is also involved in this process as it is necessary for OPCs
specification from RGCs as well as induction of PDGFRa expression [170].
In fact, conditional deletion of Sox9 with either Nestin-Cre, for forebrain
and spinal cord studies, or with En1Cre/+ and Pax2Cre/+, for cerebellum
analysis, leads to complete loss of PDGFRa+, SOX10+ or NG2+ OPCs [19,
144, 154]. Therefore, OPCs generation is affected in absence of SOX9
regardless of location and timing of Cre recombination.
OPCs generation is however only delayed because their number recover
around E16.5 in the spinal cord, at the time of the dorsal wave, due to
functional redundancy with SOX8 [152]. This result raises the question
whether the recovery of OPCs specification is due to delayed
oligodendrogenesis in absence of SOX9, or whether the dorsal wave of
oligodendrogenesis is less dependent on SOX9, compared to the ventral
one. In contrast, in the developing forebrain neither oligodendrocytes
recovery, nor SOX8 functional redundancy in absence of SOX9, have been
analysed.
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Finally, OPCs are also recovered in the Sox9 ablated developing
cerebellum, however this is probably due to migration of OPCs generated
in other brain areas not deleted for Sox9 [154].

3.1.2.3 Delayed gliogenic switch can result in prolonged
neurogenesis in Sox9 mutants
Correct timing of RGCs neuron-to-glia switch is necessary to provide the
adult CNS with the right amount of different neuronal cell types. A delayed
induction of gliogenesis therefore causes a prolonged time window in
which RGCs can generate neurons. Indeed, where deletion of Sox9 causes
a delay in induction of OPCs or astrocytes specification, the neuronal cell
population that RGCs were generating before the switch should have
occurred, is increased compared to control. For example, in absence of
SOX9, delayed oligodendrogenesis in the spinal cord is associated with
increased motoneurons generation [144], as they are generated before
oligodendrocytes in the pMN domain. Similarly, delayed astrocyte
generation correlates with increased production of interneurons, as these
neurons are generated before astrocytes in the p2 of the spinal cord [144].
Interestingly, generation of the dorsal motoneurons is not affected in
absence of SOX9 [144], further suggesting that the neuron-to-glia switch
in the dorsal spinal cord is less dependent on SOX9.
In contrast to the previous study [144], increased neuroblasts production
was detected in Sox9 mutant developing dorsal telencephalon [19],
however these were not able to differentiate into mature neurons as the
number of Tuj1+ cells was decreased in absence of SOX9 [19]. On the other
hand, neurogenesis in Sox9-deficient developing cerebellum was reported
with opposing results, whether it was prolonged [149] or not affected at
all [154].
A more detailed analysis of generation of different neuronal cell type is
needed to clarify the role of Sox9 in the gliogenic switch within the ventral
and dorsal developing forebrain, and the consequences of its potential
impairment.
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3.1.3 General characterisation of the new mouse
model for Sox9 conditional deletion
To further clarify the role of SOX9 in RGCs induction and maintenance as
well as in the neuro-to-glia switch, a new model for Sox9 conditional
deletion was generated using Sox1Cre [159]. Sox1 is specifically expressed
in the neuroepithelium since E8.5, therefore leading to a clean deletion of
Sox9 before onset of its expression [160]. Moreover, Sox9fl/fl;Sox1Cre
mutants survive into adulthood allowing further analysis of astrocytes and
oligodendrocytes recover after birth as well as general brain morphology.
Therefore, in the following result chapter, a general analysis of
Sox9fl/fl;Sox1Cre mutants was performed to characterize the new model of
Sox9 conditional deletion. More precisely, the aim of this characterisation
is to:
- confirm complete loss of Sox9 expression
- analyse RGCs proliferation in a model of early and late Sox9 conditional
deletion, using Sox1Cre/+ and Nestin-Cre respectively
- analyse whether astrocytes and oligodendrocytes are recovered in
absence of Sox9 at later stages of embryonic development and after birth
- analyse whether neurogenesis is prolonged in the ventral vs. dorsal
forebrain in absence of Sox9
- analyse the adult phenotype of early embryonic Sox9 deletion to identify
brain structure that are significantly affected in absence of SOX9
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3.2 Results
3.2.1 Sox1Cre successfully deletes Sox9 in the
developing forebrain
To conditionally delete Sox9 in the brain before onset of its expression
(E10.5 in the forebrain as previously described [19]; Fig. 3.2.1.C), Sox9fl/fl
mice [171] were crossed with a Sox1-driven Cre [159] (crossing scheme is
fully explained in Chapter 2). Sox1 is expressed in the central nervous
system (CNS) from E8.5 [160]. R26ReYFP reporter allele [172] was also
present to verify Cre recombination specificity (Fig. 3.2.1.A). Successful
Sox9 deletion was confirmed with qPCR (Fig. 3.2.1B), immunostaining and
in situ hybridisation (Fig. 3.2.1C). Sox9 was present at low levels in E11.5
Sox9fl/fl;Sox1Cre/+ forebrains (Fig. 3.2.1B), however this might be due to
residues of meninges during dissection (arrow in Fig. 3.2.1.Civ). This is
also confirming that Sox9 deletion is specific to the brain, because its
expression is not affected in the surrounding tissues (arrows in Fig.
3.2.1.Cii, iv and viii).
Sox9 levels are slightly lower in Sox9fl/+;Sox1+/+ and Sox9fl/fl;Sox1+/+ E11.5
forebrains compared to Sox9+/+;Sox1+/+ or Sox9+/+;Sox1Cre/+ littermates,
although this is not statistically significant (Fig. 3.2.1.B). Moreover, this
reduction was not present in E12.5 Sox9fl/+;Sox1+/+ or Sox9fl/fl;Sox1+/+
forebrains compared to Sox9+/+;Sox1Cre/+. In conclusion, insertion of loxP
sites within the Sox9 locus (blue triangles in Fig. 3.2.1.A) does not
significantly affect its expression.
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Figure 3.2.1: Absence of Sox9 transcript and protein after conditional
deletion with Sox1Cre
A) Schematic of alleles used to generate early brain conditional deletion of
Sox9: blue triangles represent loxP sites, while orange boxes represent
DNA regions that are deleted upon Cre recombination.
B) Quantification of Sox9 transcripts from E11.5 forebrains (red bars) and
E12.5 dorsal telencephalons (blue bars) showing successful deletion of
Sox9 in Sox9fl/fl;Sox1Cre/+. Bars indicate Sox9 fold change and error bars
indicate standard error of the mean (SEM). n: number of samples at E11.5,
E12.5. Only significant p-values indicated, where: *:p≤0.05; **:p≤0.01;
***:p≤0.001; ****:p≤0.0001. A p-value is not shown for groups with less
than 3 samples. n indicates number of biological replicates.
C) Coronal sections of E10.5, E11.5 and E12.5 Sox9fl/+;Sox1+/+ control and
Sox9fl/fl;Sox1Cre/+ mutant embryonic brains processed for assessment of
SOX9 protein (immunostaining; i-vi) and transcripts (in situ hybridisation,
ISH; vii-viii) showing complete absence of expression in the CNS in the
latter from the earliest stage. Arrows in ii, iv and xiii indicate SOX9/Sox9
expression outside of the brain in the mutants.
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3.2.2 Cre activity causes progenitor apoptosis in the
developing ganglionic eminences
To investigate whether Sox9 conditional deletion compromises progenitor
survival, Apoptosis was analysed with TUNEL staining. Cell death was
significantly

increased

in

the

ganglionic

eminences

(GE)

of

Sox9fl/fl;Sox1Cre/+ embryos compared to Sox9fl/+;Sox1+/+ controls at all stages
analysed (E12.5, E13.5, E16.5; Fig. 3.2.2.A,C). To a lesser extent, apoptosis
was also increased in the dorsal telencephalon (DT) of Sox9fl/fl;Sox1Cre/+
embryos compared to Sox9fl/+;Sox1+/+ controls at all stages analysed (Fig.
3.2.2.A,B). Although these results could indicate that deletion of Sox9 was
leading to increased apoptosis, TUNEL staining was also found in an E14.5
Sox9+/+;Sox1Cre/+ embryo to a degree similar to that of the Sox9fl/fl;Sox1Cre/+
samples (Fig. 3.2.3), suggesting that the Sox1Cre/+ allele may be at least
partly responsible.
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Figure 3.2.2: Sox9fl/fl;Sox1Cre/+ mutant forebrains show high levels of
cell death.
A) Coronal sections from E12.5, E13.5 and E16.5 Sox9fl/+;Sox1+/+ control
and Sox9fl/fl;Sox1Cre/+ mutant forebrains stained with DAPI (grey) and
TUNEL (red) showing increased apoptosis in Sox9 mutant embryos. DT:
dorsal telencephalon; GE: ganglionic eminence. Dashed white lines
indicated morphological separation of DT and GE.
B,C) Quantification of TUNEL+ cells in DT (B) and GE (C) from the panels
above (A). Cell death increases specifically in the ganglionic eminence of
Sox9 mutants compared to controls. Bars indicate TUNEL+ cells per pixel
area and error bars indicate standard deviation (SD). p-value is indicated
as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01; ***:p≤0.001;
****:p≤0.0001. n: number of embryos counted. p-value is not shown for
groups with less than 3 samples. Counting summary of TUNEL+ cells per
pixel area in (B): Sox9fl/+;Sox1+/+: E12.5 (n=3): 0.89±0.28; E13.5 (n=2):
0.74±0.08; E16.5 (n=3): 0.13±0.02. Sox9fl/fl;Sox1Cre/+: E12.5 (n=3):
1.65±0.36; E13.5 (n=2): 1.70±0.50; E16.5 (n=3): 0.61±0.15. Counting
summary of TUNEL+ cells per pixel area in (C): Sox9fl/+;Sox1+/+ E12.5
(n=3): 0.60±0.12; E13.5 (n=2): 0.37±0.004; E16.5 (n=3): 0.27±0.10.
Sox9fl/fl;Sox1Cre/+ E12.5 (n=3): 5.08±0.92; E13.5 (n=2): 3.78±0.61; E16.5
(n=3): 1.91±0.72.
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Figure 3.2.3: Cell death is evident in the forebrain of a
Sox9+/+;Sox1Cre/+ embryo.
A) Coronal sections from E14.5 Sox9fl/+;Sox1+/+ and Sox9+/+;Sox1Cre/+
control and Sox9fl/fl;Sox1Cre/+ mutant forebrains stained with DAPI (grey)
and Tunel (red) showing increased apoptosis in both Sox9fl/fl;Sox1Cre/+ and
Sox9+/+;Sox1Cre/+ . This indicates that cell death might be due to the Sox1Cre/+
allele. GE: ganglionic eminence, DT; dorsal telencephalon. Dashed white
lines indicated morphological separation of DT and GE.
B) Quantification of TUNEL+ cells from DT (left) and GE (right) from panel
above (A). Bars indicate TUNEL+ cells per pixel area. n: number of
embryos. Counting summary of TUNEL+ cells per pixel area in (B):
Sox9fl/+;Sox1+/+ DT (n=1): 44±0 and GE (n=1): 115±0; Sox9+/+;Sox1Cre/+ DT
(n=1): 135±0 and GE (n=1): 623±0; Sox9fl/fl;Sox1Cre/+ DT (n=1): 145±0 and
GE (n=1): 965±0.
Mice homozygous for a null mutation in Sox1 show ventral forebrain
developmental defects, which can be severe enough to compromise
viability [173]. Sox1Cre/+ mice are heterozygous for Sox1, because the Cre
gene replaces one of the Sox1 alleles (Fig. 3.2.1.A), and while they appear
normal, apoptosis during forebrain development may have been missed.
On the other hand, illegitimate Cre-mediated recombination has been
connected previously to CNS defects [174]. Therefore, to address whether
increased cell death in Sox1Cre/+ forebrains was due to Cre activity or Sox1
haploinsufficiency, mice carrying the Sox1Cre-ERT2 allele [175], in which the
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Tamoxifen-inducible Cre gene is replacing one of Sox1 alleles (Fig. 3.2.4.A),
were analysed. Sox1Cre-ERT2/+ mice are heterozygous for Sox1 but Cre-ERT2
is inactive, unless mice are injected with Tamoxifen. Non-tamoxifen
treated E13.5 Sox1Cre-ERT2/+ embryos were compared to their Sox1+/+
littermates. Sox1Cre-ERT2/+ embryos showed comparable low numbers of
TUNEL+ cells in the GE, compared to Cre negative controls (Fig. 3.2.4.B,C),
indicating that cell death in the GE is likely caused by Cre activity and not
Sox1 haploinsufficiency. As a consequence, both Sox9+/+;Sox1Cre/+ and
Sox9fl/+;Sox1+/+ will be used as controls for future experiments, when
required.
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Figure 3.2.4: Cell death is not caused by Sox1 haploinsufficiency.
A) Schematic of alleles used to analyse origin of cell death phenotype.
B) Coronal sections of E13.5 Sox1+/+ and non-tamoxifen treated Sox1CreERT2/+ forebrains stained with DAPI (grey) and TUNEL (red), showing few
TUNEL+ cells in both samples. Therefore, Sox1 haploinsufficiency is not
causing increased apoptosis. GE: ganglionic eminence, DT; dorsal
telencephalon. Dashed white lines indicated morphological separation of
DT and GE.
C) Quantification of TUNEL+ cells from panel above (B). Bars indicate
TUNEL+ cells per pixel area and error bars indicate standard deviation. n:
number of embryos. p-value is indicated as non-significant (ns):p>0.05.
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Counting summary of TUNEL+ cells per pixel area in (C): Sox1+/+ DT (n=3)
0.44±0.04, GE (n=3): 0.49±0.05; Sox1Cre-ERT2/+ DT (n=3): 0.57±0.13, GE
(n=3): 0.47±0.17.

3.2.3 Sox9 deletion does not impair progenitor
proliferation and neuronal differentiation
Sox9 deletion with Nestin-Cre, which is active at the time Sox9 starts to be
expressed, has been reported previously to reduce neural stem cell (NSC)
proliferation in the dorsal telencephalon (DT) [19] and to increase
neurogenesis in both DT [19] and ventral spinal cord (SC) [144]. I
therefore analysed whether an earlier deletion of Sox9 with Sox1Cre has
similar effects on NSCs.
To analyse NSC proliferation, E12.5, E13.5 and E16.5 pregnant females we
pulsed for 30min with EdU. No significant reduction of EdU+ cells was
found between Sox9fl/+;Sox1+/+ and Sox9fl/fl;Sox1Cre/+ embryos in both DT
(Fig. 3.2.5.A,C) and GE (Fig.3.2.5.B,D) at all stages analysed. These results
are in contrast with previously published data [19]. However, Vong et al.
[149], showed that conditional deletion of Sox9 in the cerebellum with
Pax2Cre, which deletes Sox9 in the cerebellum prior to its onset of
expression, does not affect progenitor proliferation. Therefore, this result
could be due to either different timing of Sox9 deletion or different
experimental

procedures

or

conditions.

To

address

this,

the

Sox9fl/fl;Nestin-Cre line (Fig. 3.2.6.A) was revived and NSC proliferation was
analysed in this model with 30min pulse of EdU in E12.5 pregnant females.
In contrast with the previous study [19], no significant reduction of EdU+
cells was found between E12.5 Sox9fl/+ and Sox9fl/fl;Nestin-Cre forebrains in
both DT and GE (Fig. 3.2.6.B,C). While different experimental procedures
have been used, such as the use of the more efficient EdU incorporation
here, versus BrdU [19], the reasons for this discrepancy are unclear.
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Figure 3.2.5: Sox1Cre-mediated loss of Sox9 does not alter NSC
proliferation
A,B) Coronal sections from E12.5, E13.5 and E16.5 Sox9fl/+;Sox1+/+ control
and Sox9fl/fl;Sox1Cre/+ mutant forebrains pulsed 30min with EdU, stained
with DAPI (grey) and EdU (red) and imaged in dorsal telencephalon (DT,
A) and ganglionic eminence (GE, B) showing no significant alteration of
NSC proliferation in absence of Sox9. Schematic representation of the area
analysed is depicted above corresponding panels.
C,D) Quantification of EdU+ cells in dorsal telencephalon (C) and
ganglionic eminence (D). Bars indicate the percentage of EdU+ / DAPI+
nuclei. Error bars indicate standard deviation (SD). n: number of embryos.
p-value is indicated as non-significant (ns):p>0.05. p-value is not shown
for groups with less than 3 samples. Counting summary of % of EdU+ cells
on DAPI in DT in (C): Sox9fl/+;Sox1+/+: E12.5 (n=3): 45.38%±6.53%; E13.5
(n=2): 41.34%±1.51%; E16.5 (n=3): 13.93%±3.62%. Sox9fl/fl;Sox1Cre/+:
E12.5 (n=3): 47.10%±3.53%; E13.5 (n=2): 40.66%±4.85%; E16.5 (n=3):
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8.65%±3.83%. Counting summary of % of EdU+ cells on DAPI in GE in (D):
Sox9fl/+;Sox1+/+:
E12.5
(n=3):
43.01%±1.76%;
E13.5
(n=2):
fl/fl
Cre/+
38.58%±7.17%; E16.5 (n=3): 17.86%±3.82%. Sox9 ;Sox1
: E12.5
(n=3): 37.45%±3.19%; E13.5 (n=2): 37.57%±5.85%; E16.5 (n=3):
11.81%±7.35%.
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Figure 3.2.6: Nestin-Cre-mediated loss of Sox9 does not alter NSC
proliferation.
A) Schematic of alleles crossed to obtain conditional deletion of Sox9 in the
brain with Nestin-Cre: blue triangles represent loxP sites, while orange
boxes represent DNA regions that are deleted upon Cre recombination.
B) Coronal sections from E12.5 Sox9fl/+ control and Sox9fl/fl;Nestin-Cre
mutant forebrains pulsed 30min with EdU, stained with DAPI (grey) and
EdU (red) and imaged in dorsal telencephalon (i-ii) and ganglionic
eminence (iii-iv) showing no significant alteration of NSC proliferation.
Schematic representation of the area analysed is depicted to the left of the
G
corresponding panels.
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C) Quantification of EdU+ cells in dorsal telencephalon and ganglionic
eminence. Bars indicate percentage of EdU+ / DAPI+ nuclei. Error bars
indicate standard deviation. n: number of embryos. p-value is indicated as
non-significant (ns):p>0.05. Counting summary of % of EdU+ cells on DAPI
in (C): E12.5 Sox9fl/+ DT (n=3): 49.77%±1.89%, GE (n=3): 44.60%±4.93%;
E12.5 Sox9fl/fl;Nestin-Cre DT (n=3): 56.31%±7.68%, GE (n=3):
49.90%±5.85%.

SOX9 loss has been previously shown to result in an increased number of
immature neurons in the developing dorsal telencephalon [19], ventral
spinal cord [144] and cerebellum [149]. Neuronal differentiation was
therefore analysed in the DT of Sox9fl/fl;Sox1Cre/+ embryos compared to
Sox9fl/+;Sox1+/+ controls. However, no significant alteration were observed
in expression of immature neuronal markers Tuj1 and DCX at E14.5 (Fig.
3.2.7.A) and in numbers of Tbr1+ post-mitotic neurons at E16.5 and E18.5
(Fig. 3.2.7.B,C) in Sox9fl/fl;Sox1Cre/+ compared to Sox9fl/+;Sox1+/+ embryos.
Therefore, Sox9 deletion with Sox1Cre does not affect the number of
neurons produced in the developing DT. Consequently, to confirm that
timing of neuron production was not affected in Sox9fl/fl;Sox1Cre/+ embryos,
a cell birth-dating experiment was performed injecting pregnant females
with EdU at E13.5 and collecting embryos at E18.5 (Fig. 3.2.8.A). With this
experiment, post-mitotic neurons generated at E13.5 can be identified as
they have retained EdU. No alteration were detect in numbers of postmitotic neurons generated at E13.5 in Sox9fl/fl;Sox1Cre/+ DT when compared
to Sox9fl/+;Sox1+/+ control (Fig. 3.2.8.B,C).
Altogether, these results show that, in the developing DT, early Sox9
deletion using Sox1Cre does not impair NSC proliferation and
differentiation toward the neuronal lineage.
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Figure 3.2.7: Analysis of neuronal marker expression reveals no
defects in neuronal differentiation in Sox9fl/fl;Sox1Cre/+ embryos
A) Coronal sections of dorsal telencephalons from E14.5 Sox9fl/+;Sox1+/+
control and Sox9fl/fl;Sox1Cre/+ mutant brains stained with DAPI and the
immature neuron markers Tuj1 (blue and yellow respectively, i-ii), and
DCX (blue and yellow respectively, iii-iv). This analysis did not show any
significant alteration in neuronal differentiation in Sox9fl/fl;Sox1Cre/+
mutant dorsal telencephalons. Schematic representation of the area
analysed is depicted to the right of the corresponding panels.
B) Coronal sections of dorsal telencephalons from E16.5 (i-ii) and E18.5
(iii-iv) Sox9fl/+;Sox1+/+ control and Sox9fl/fl;Sox1Cre/+ mutant forebrains
stained with the mature neuron marker Tbr1. Schematic representation of
the area analysed is depicted to the right of the corresponding panels.
C) Quantification of Tbr1+ cells in dorsal telencephalons at E16.5 and
E18.5. Bars indicate percentage of Tbr1+ cells per pixel area. The number
of Tbr1+ cell was similar in Sox9 deficient embryos and controls. Error
bars indicate standard deviation (SD). n: number of embryos. p-value is
indicated as non-significant (ns):p>0.05.
Counting summary of Tbr1+ cells per pixel area in (C): Sox9fl/+;Sox1+/+:
E16.5 (n=3): 30.98±15.52; E18.5 (n=2): 21.47±1.54. Sox9fl/fl;Sox1Cre/+:
E16.5 (n=3): 39.76±13.80; E18.5 (n=2): 28.45±7.23.
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Figure 3.2.8: Timing and rate of neuron generation in
Sox9fl/fl;Sox1Cre/+ embryos is unaltered compared to controls
A) Schematic representation of the EdU birth-dating protocol. EdU was
administered to pregnant females at E13.5 and embryos harvested at
E18.5.
B) Coronal sections of dorsal telencephalons from E18.5 Sox9fl/+;Sox1+/+
control and Sox9fl/fl;Sox1Cre/+ mutant samples stained with Tbr1 (red) and
EdU (cyan). Schematic representation of the area analysed is depicted to
the left of the corresponding panels.
C) Quantification of Tbr1+EdU+ cell per section in dorsal telencephalon at
E18.5. Bars indicate total number of Tbr1+EdU+ cells. Error bars indicate
standard deviation (SD). No significant difference was found in neurons
differentiation in Sox9fl/fl;Sox1Cre/+ mutant dorsal telencephali compared to
controls. n: number of embryos. p-value is indicated as non-significant
(ns):p>0.05.
Counting summary of Tbr1+EdU+ cells per section (C): Sox9fl/+;Sox1+/+
(n=3): 478.7±41.86. Sox9fl/fl;Sox1Cre/+ (n=3): 492±292.10.
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3.2.3 Gliogenesis is defective in Sox9fl/fl;Sox1Cre/+ brains
During CNS development, SOX9 is controlling the switch of NSC from
neurogenesis to gliogenesis, because its deletion results in reduction of
S100b+ glial cells and Olig2+/Sox10+ oligodendrocytes in both forebrain
and spinal cord respectively, while neuronal fate is promoted [19, 144]. To
analyse whether NSC potential was affected in Sox9fl/fl;Sox1Cre/+ embryos,
astroglial markers were examined, such as: expression of PDGFRa as a
marker of oligodendrocyte precursor cells (OPCs), and S100b and GFAP as
makers for astrocytes.
Oligodendrogenesis starts around E13.5 from the ventral forebrain [74].
At this stage, almost no PDGFRa+ cells were found in Sox9fl/fl;Sox1Cre/+
embryos compared to controls (Fig. 3.2.9.Ai-iii and B). Generation of
astrocytes starts around E18.5, therefore expression of S100b and GFAP
was analysed at this stage. S100b expression was observed in all brain
areas analysed, while GFAP+ cells were mostly found in the developing
hippocampus and in the midline septum at this stage. Both markers were
significantly reduced in Sox9fl/fl;Sox1Cre/+ embryos compared to controls
(S100b staining and counting Fig. 3.2.9.Aiv-vi and C; GFAP staining Fig.
3.2.9.Ax-xii). Defects in astrocyte differentiation within the midline
septum have previously been associated with malformation of the corpus
callosum [176]. Indeed, all Sox9fl/fl;Sox1Cre/+ embryos analysed at E18.5
showed agenesis of the corpus callosum (dotted lines in Fig. 3.2.9.Avii-ix).
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Figure 3.2.9: Analysis and quantification of astrocytes and
oligodendrocytes marker expression in Sox9fl/fl;Sox1Cre/+ embryonic
brains and controls.
A) E13.5 and E18.5 coronal brain sections of Sox9fl/+;Sox1+/+,
Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+ embryos stained for PDGFRa and
DAPI (OPCs in the preoptic area, i-iii), S100b (astrocytes in the ganglionic
eminence, iv-vi), GFAP (astrocytes in the midline septum, vii-ix, and in the
developing hippocampus, x-xii), showing reduction of oligodendrocytes
and astrocytes and agenesis of the corpus callosum specifically in Sox9
mutant embryos compared to controls. Diagrams on top show the brain
area analysed in the panels underneath. Dashed white lines in vii-ix
indicate the shape of the corpus callosum (CC).
B,C) Quantification of PDGFRa+ OPCs in the preoptic area at E13.5 from
panel Ai-iii (B) and S100b+ astrocytes in the ganglionic eminence at E18.5
from panel A iv-vi (C). Bars indicate average number of cells per pixel area.
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Error bars indicate standard deviation (SD). n: number of embryos. pvalue between each control and the mutant samples is indicated as: nonsignificant (ns):p>0.05; *:p≤0.05; **:p≤0.01; ***:p≤0.001; ****:p≤0.0001.
p-value is not shown for groups with less than 3 samples.
Counting summary of PDGFRa+ cells per pixel area in (B): Sox9fl/+;Sox1+/+
(n=3): 8.45±1.05; Sox9+/+;Sox1Cre/+ (n=3): 8.89±1.73; Sox9fl/fl;Sox1Cre/+
(n=3): 0.31±0.21.
Counting summary of S100b+ cells per pixel area in (C): Sox9fl/+;Sox1+/+
(n=3): 2.98±0.64; Sox9+/+;Sox1Cre/+ (n=3): 3.04±0.77; Sox9fl/fl;Sox1Cre/+
(n=3): 0.27±0.15.
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At E18.5, S100b expression was greatly overlapping with that of PDGFRa
(white arrows in Fig. 3.2.10.A), suggesting that S100b+ cells were OPCs.
S100b-PDGFRa co-expression was indeed shown to characterise OPCs
transitioning to post-mitotic differentiated oligodendrocytes [177].
In conclusion, at least at this stage of development, S100b cannot be used
as an astrocyte-specific marker, but its downregulation in mutants
confirms the loss of OPCs. Taken together, these results show that early
Sox9 deletion affect NSC potential during embryonic brain development,

A

B

% S100B+PDGFRa+/S100B+

as both OPCs and astrocytes are significantly reduced.

100

Sox9+/+
Sox1Cre/+
(n=3)

50

0

Dorsal
Ganglionic
telecephalon eminence

Figure 3.2.10: S100b and PDGFRa are co-expressed in the ganglionic
eminence at E18.5.
A) Coronal section from Sox9fl/+;Sox1+/+ E18.5 control ganglionic eminence
stained with astrocytic marker S100b and OPC marker PDGFRa. White
arrows indicate co-localisation of both markers.
B) Quantification of S100b and PDGFRa staining. Bars indicate percentage
of S100b+ cells co-labelled with PDGFRa and error bars indicate standard
deviation (SD).
Counting summary of %S100b+PDGFRa+/S100b+ cells in (B):
Sox9+/+;Sox1Cre/+ (n=3) dorsal telencephalon: 95.20±4.00 and ganglionic
eminence: 94.04±4.22.
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3.2.4

Gliogenesis

is

partially

recovered

in

Sox9fl/fl;Sox1Cre/+ adults
While most Sox9fl/fl;Nestin-Cre mutants do not survive after birth,
Sox9fl/fl;Sox1Cre/+ mice live into adulthood, allowing the analysis of the adult
consequences of early embryonic deletion of Sox9.
Surprisingly,

and

in

sharp

contrast

with

embryonic

stages,

Sox9fl/fl;Sox1Cre/+ adult mice presented the same number of PDGFRa+ OPCs
in both cortex and striatum, compared to controls (Fig. 3.2.11.Ai-vi and B).
In addition, no difference was found in the number of MAG+ maturing
oligodendrocytes in the cortex of adult Sox9 mutants compared to controls
(Fig. Fig. 3.2.11.Avii-xii and C). Interestingly, however, MAG+ cells were
reduced specifically in the striatum of Sox9fl/fl;Sox1Cre/+ mice when
compared to Sox9+/+;Sox1Cre/+, but not to Sox9fl/+;Sox1+/+ controls (Fig.
3.2.11.Avii-xii and C). This result might be due to age differences between
samples groups (Sox9fl/+;Sox1+/+ and Sox9fl/fl;Sox1Cre/+ mice were 3 months
old, while Sox9+/+;Sox1Cre/+ were only 2 months old), as it has been shown
that oligodendrocyte production decreases with age [178].
S100b+ cells also appeared to recover in adult Sox9 mutants, because no
difference in the number of S100b+ cells was found in Sox9fl/fl;Sox1Cre/+
brains compared to Sox9+/+;Sox1Cre/+ and Sox9fl/+;Sox1+/+ controls, both in
cortex and striatum (Fig. 3.2.12.Ai-vi and B). S100b and PDGFRa coexpression was not analysed at this stage, therefore some cells from the
counting above would represent recovered OPCs. Conversely, GFAP+
astrocytes

in

the

corpus

callosum

still

appeared

reduced

in

Sox9fl/fl;Sox1Cre/+ adult mice compared to controls (Fig. 3.2.12.Avii-ix),
however this was not quantified.
Therefore, Sox9 deletion perturbs NSC gliogenic potential during
embryogenesis, however some of the deficiencies are later recovered.
Because GFAP+ astrocytes are not recovered, SOX9 may have a more
specific role and/or a lasting requirement in these cells compared to
oligodendrocytes. A more detailed analysis of oligodendrogenesis
recovery is described in the following result chapter.
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Figure 3.2.11: Normal numbers of OPCs and mature oligodendrocytes
are recovered in Sox9fl/fl;Sox1Cre/+ adults
A) Coronal sections of 3 months old Sox9fl/+;Sox1+/+, Sox9+/+;Sox1Cre/+ and
Sox9fl/fl;Sox1Cre/+ adult brains stained for the OPC marker PDGFRa (i-vi)
and the mature oligodendrocyte marker MAG (vii-xii), imaged in cortex (iiii and vii-ix) and striatum (iv-vi and x-xii). Diagram on top shows brain
area analysed in the corresponding panel.
B,C) Quantification of PDGFRa+ cells (B) and of MAG+ cells (C) in cortex
and striatum. Bars indicate average cell number per section and error bars
indicate standard deviation (SD). n: number of embryos. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01;
***:p≤0.001; ****:p≤0.0001.
Counting summary of PDGFRa+ cells per section in (B): Sox9fl/+;Sox1+/+
(n=3) cortex: 52.77±9.04 and striatum: 49.13±7.23; Sox9+/+;Sox1Cre/+ (n=3)
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cortex: 57.60±2.46 and striatum: 60.13±0.12; Sox9fl/fl;Sox1Cre/+ (n=3)
cortex: 56.52±2.85 and striatum: 47.93±5.59.
Counting summary of MAG+ cells per section in (C): Sox9fl/+;Sox1+/+ (n=3)
cortex: 3.96±1.12 and striatum: 5.47±1.25; Sox9+/+;Sox1Cre/+ (n=3) cortex:
7.07±1.22 and striatum: 7.87±1.68; Sox9fl/fl;Sox1Cre/+ (n=3) cortex:
4.68±1.50 and striatum: 3.73±0.93.
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Figure 3.2.12: Recovery of S100b+ and GFAP+ cells in Sox9fl/fl;Sox1Cre/+
adults is region-specific.
A) Coronal sections of 3 months old Sox9fl/+;Sox1+/+, Sox9+/+;Sox1Cre/+ and
Sox9fl/fl;Sox1Cre/+ adult brains stained for astrocyte markers S100b (i-vi)
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and GFAP (vii-ix), imaged in cortex (i-iii), striatum (iv-vi) and corpus
callosum (vii-ix). Diagrams on top show brain areas analysed in the
corresponding panel.
B) Quantification of S100b+ astrocytes in cortex and striatum, from panels
Ai-iii and Aiv-vi respectively. Bars indicate average cell number per section
and error bars indicate standard deviation (SD). n: number of embryos. pvalue is indicated as non-significant (ns):p>0.05. Counting summary of
S100b+ cells per section in (B): Sox9fl/+;Sox1+/+ (n=3) cortex: 74.33±15.88
and striatum: 92.73±9.51; Sox9+/+;Sox1Cre/+ (n=3) cortex: 102.70±8.73 and
striatum: 115.90±6.27; Sox9fl/fl;Sox1Cre/+ (n=3) cortex: 68.47±18.91 and
striatum: 78.72±24.15.

3.2.5 Morphological analysis of Sox9fl/fl;Sox1Cre/+ adult
brains
The overall morphology of Sox9fl/fl;Sox1Cre/+ embryonic (E16.5) and adult
(3 to 5 months old) brains was then compared to controls by H&E staining.
While general morphology appeared normal in E16.5 Sox9 mutant
embryos (n=1, Fig. 3.2.13.A), all adult Sox9 mutant brains analysed (n=6)
presented agenesis of the corpus callosum (Fig. 3.2.13.B) and noticeably
smaller hippocampus and dentate gyrus (DG) compared to controls (Fig.
3.2.13.A, B). Interestingly, development and formation of both the corpus
callosum and DG rely on GFAP+ astrocytes [179], which are affected in
Sox9fl/fl;Sox1Cre/+ embryos, and fail to recover in adults, suggesting a lasting
requirement for SOX9. Detailed analysis of this aspect is described in
Chapter 5. Finally, Sox9fl/fl;Sox1Cre/+

brain size (not quantified; Fig.

3.2.13.A), and both male and female body weights were significantly
reduced in Sox9 mutants compared to controls (Fig. 3.2.13.B,C), where the
former might be a consequence of the latter.
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Figure 3.2.13: Morphological analysis of Sox9fl/+;Sox1+/+ and
Sox9fl/fl;Sox1Cre/+ embryonic and adult brains.
A) H&E staining on coronal sections of E16.5 (top) and 2 months old
(bottom) brains from Sox9fl/+;Sox1+/+ and Sox9fl/fl;Sox1Cre/+ samples,
showing no significant alterations in Sox9 mutant brains apart from
smaller hippocampus.
B) Higher magnification of affected brain areas (hippocampus, top; corpus
callosum, bottom) identified in Sox9 mutants compared to control adults
(samples are from 3 to 8.5 months old mice).
C,D) Body weights of 7-12 weeks old males (C) and females (D):
Sox9fl/fl;Sox1Cre/+ males and females are both significantly lighter compared
to controls. n: number of embryos. Only significant p-value is shown and
indicated as: *:p≤0.05; **:p≤0.01; ***:p≤0.001; ****:p≤0.0001. p-value is
not shown for groups with less than 3 samples. Mice average body weight
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(gr) summary shown in (C) and (D): Sox9fl/+;Sox1+/+ males (n=9) 27.7±3.2
and females (n=7) 21.6±1.1; Sox9+/+;Sox1Cre/+ males (n=1) 25.3±0.0 and
females (n=3) 20.8±2.0; Sox9fl/fl;Sox1Cre/+ males (n=12) 24.5±3.2 and
females (n=9) 19.1±1.4.
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3.3 Discussion
3.3.1

Sox1Cre

successfully

deletes

Sox9

in

the

developing forebrain.
Several conditional deletion models of Sox9 in the CNS have previously
been reported [19, 144, 150, 154], however they each had disadvantages
that precluded a thorough analysis of the role of SOX9 in this context.
Nestin-Cre is active from E10.5 [19, 144], deleting the gene after onset of
its expression therefore allowing a transient expression of SOX9, which
might be sufficient to induce its downstream target and result in a partial
phenotype. In addition, in these mutants, the gene is deleted outside of the
CNS (Nestin-Cre is active in heart and pancreatic islets in particular [157]),
probably causing post-natal death of Sox9fl/fl;Nestin-Cre mutants. In other
models, the gene is only deleted in restricted areas of the brain (En1Cre/+
and Pax2Cre/+ active in the cerebellum only [149, 154]), potentially
allowing compensation from surrounding brain areas that are still
expressing SOX9. For example, Sox9 deletion in the cerebellum impairs
oligodendrogenesis in this area, however OPCs are then recovered as they
migrate from adjacent unaffected areas [154].
Therefore, a new mouse model was generated for CNS-specific conditional
deletion of Sox9, before onset of its expression, using Sox1Cre [159].
Deletion was confirmed by forebrain-specific absence of Sox9 transcript
and protein since E10.5 (Fig. 3.2.1). Ectopic Cre activity, but not Sox1
haploinsufficiency, is however causing severe progenitor apoptosis in the
GE, peaking from E12.5 until E14.5 (Fig. 3.2.2-4). This effect had been
observed previously in a mouse line homozygous for Nestin-Cre, where the
transgene comprised a nuclear translocation signal to increase Cre
activity, and was shown to cause apoptosis and hydrocephalus [174].
Therefore, in the Sox9fl/fl;Sox1Cre/+ model, Cre apoptotic effect might be due
to a very high Sox1 promoter activity in the GE RGCs, ultimately inducing
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overproduction of Cre enzyme. Abundant Cre might be more prone to
unspecifically target DNA, inducing damage and later apoptosis.
However, in the Sox9fl/fl;Sox1Cre/+ model, Cre apoptotic effect is not
affecting RGCs proliferation in the GE (Fig. 3.2.5.B,D), at least at the stages
analysed, as it is unchanged in Sox9fl/fl;Sox1Cre/+ compared to controls,
unless Sox9 deletion either increased or decreases proliferation which is
then balanced in the opposite direction by Cre activity. Therefore, analysis
of cell proliferation in Sox9+/+;Sox1Cre/+ is needed to confirm this
hypothesis. On the other hand, Cre apoptotic effect does not affect RGCs
differentiation towards the oligodendrocyte lineage as PDGFRa+ cells are
normally generated in Sox9+/+;Sox1Cre/+ as well (Fig. 3.2.9). Further
analyses are however required to determine whether Cre apoptotic effect
compromises GE RGCs neuronal differentiation, as neurogenesis has only
been analysed in the DT. Therefore, analysis of GE derived neurons, such
as GABAergic interneurons, is needed to confirm this possibility. Finally,
Cre apoptotic effect could also affect adult NSCs of the SVZ as they are also
derived from the embryonic GE RGCs. Therefore, analysis of adult SVZ
proliferation might be carried out to confirm this hypothesis.
In conclusion, as apoptosis is very specific to the GE and not to all Sox9
deleted areas, it was considered not to be due to a secondary effect of Sox9
deletion. However, it may still affect aspects of RGCs activity that have not
here been analysed, therefore Sox9+/+;Sox1Cre/+ samples may be used as
controls as well.

3.3.2 Sox1Cre-mediated deletion of Sox9 does not affect
RGC proliferation and neurogenesis.
RGCs proliferation was analysed with 30’ EdU pulses in the DT and GE, at
different stages of embryonic development. Following Sox9 conditional
deletion using Sox1Cre, RGCs proliferation in the forebrain is not affected at
E12.5, E13.5 and E16.5 (Fig. 3.2.5). This is in sharp contrast with one
previous study where conditional deletion of Sox9 using Nestin-Cre caused
a significant decrease in RGCs mitotic activity [19]. This result is
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particularly surprising because earlier deletion of Sox9 was expected to
result in a more rather than less severe phenotype. However, it correlates
with other reports where conditional deletion of Sox9 in the developing
cerebellum using either En1Cre or Pax2Cre [149], which are both active
before Sox9 onset of expression, does not result in RGCs proliferation
defects. One possible explanation is that complete loss of Sox9 expression
might activate redundant pathway which are not induced when Sox9 is
temporarily expressed.
Interestingly, my analysis also showed that RGCs proliferation was not
affected in Sox9fl/fl;Nestin-Cre embryos (Fig. 3.2.6), therefore excluding any
possible results variability due to technical differences. Therefore, it is
possible that the BrdU injection protocol applied by Scott et al., was
significantly different from the one used in this thesis. It has been recently
shown that high doses of thymidine analogues can induce cell death [180].
Therefore, in Scott et al., a high dose of BrdU might have induced cell death,
particularly in Sox9 mutants as deletion of the gene has been previously
reported to increase cell death [144]. Therefore, this would result in
reduced BrdU+ cell number however not due to a defect in cell
proliferation. Alternatively, it is possible that this aspect of the phenotype
is variable, and influenced by differences in genetic background, or
‘environmental’ effects. It is notable that the rederivation of several strains
of mice from the Institute at Mill Hill to Midland Road has been associated
with some quite substantial changes in phenotype.
Increased generation of neurons was reported in the cerebellum [149] and
ventral spinal cord, but not in the dorsal part [144] upon deletion of Sox9.
This effect is proposed to reflect SOX9 role in inducing RGCs neuro-to-glia
switch, particularly in the ventral CNS, which is delayed in its absence and
leads to prolonged neurogenesis at the detriment of gliogenesis.
Increased generation of PSA-NCAM+ neuroblasts, but decreased number
of Tuj1+ neurons, was also reported as a consequence of Sox9 ablation in
DT [19]. Interestingly, this animal model was later re-analysed and this
phenotype was not confirmed, as no difference in Tuj1+ cells, as well as
cortex layering was observed in Sox9fl/fl;Nestin-Cre embryos compared to
controls (unpublished work of Adam Nunn). Again, in sharp contrast with
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Scott et al. findings, DCX and Tuj1 expression as well as number and rate
of Tbr1+ neurons generation in the DT were not significantly affected in
Sox9fl/fl;Sox1Cre/+ embryos (Fig. 3.2.7,8). However, this again might be due
to differences in timing and pattern of Cre recombination, as well as
neuronal markers used and CNS area analysed. In parallel, an in vitro
neurospheres

differentiation

assay

from

Sox9fl/fl;Nestin-Cre

and

Sox9fl/fl;Sox1Cre/+ embryonic DT might be useful to confirm this phenotype.
Futhermore, in the spinal cord, Stolt et al., reported a delayed neuro-toglia switch in Sox9 mutants exclusively ventrally, where motoneurons are
increased and consequently oligodendrocytes and astrocytes are
decreased, while the dorsally derived motoneurons are not affected [144].
This is in line with the possibility that only the ventral CNS patterning
(RGCs proliferation and differentiation) is dependent on SOX9,
downstream target of SHH, the ventrally released morphogen [19, 52].
Therefore, as the analyses performed in this result chapter are focused on
DT neurogenesis (Fig. 3.2.7,8), it would be indicative to instead analyse the
generation of ventrally derived neurons such as GABAergic interneurons
[45].

3.3.3 Oligodendrocytes and astrocytes differentiation
is affected in the absence of SOX9.
Consistent with previous findings in forebrain [19], cerebellum [154] and
spinal cord [144], oligodendrocyte generation is dramatically reduced in
Sox9 mutants (Fig. 3.2.9.A,B). However, both PDGFRa+ NG2-glia and MAG+
maturing oligodendrocytes number recover significantly into adulthood
(Fig. 3.2.11), indicating that oligodendrogenesis can occur in absence of
SOX9. However, MAG is not a marker of fully mature oligodendrocytes,
therefore a later marker should be used to confirm this result, such as MBP.
Delayed or recovered oligodendrogenesis was already reported during
spinal cord [144] and cerebellum [154] development. This was due to
unaffected dorsal spinal cord oligodendrogenesis together with SOX8
functional redundancy [152], in the first case (spinal cord), and
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compensation from other brain areas still expressing Sox9, in the second
study (cerebellum). The effects of a complete lack of Sox9 as well as
functional redundancy with SOX8, during brain oligodendrogenesis, have
not been described thoroughly yet. Therefore, because oligodendrogenesis
is recovered in Sox9fl/fl;Sox1Cre/+ adults and a mouse model of Sox8 deletion
was available in the lab, this phenotype was analysed in more detail, and
double

mutants

generated,

in

order

to

compare

it

to

the

oligodendrogenesis recovery observed in Sox9 ablated developing spinal
cord (see Results chapter 4).
In addition, gliogenesis is more affected by Sox9 ablation than
oligodendrogenesis. In fact, S100b+ and GFAP+ astrocytes are significantly
reduced in embryonic Sox9 deleted forebrains (Fig. 3.2.9.A, C). S100b+ cell
number then recovers in the adult cortex and striatum (Fig. 3.2.12.A, B),
while GFAP+ cells still appear significantly reduced (not quantified; Fig.
3.2.12.A). These results are consistent with previous studies in both
forebrain and spinal cord [19, 144], and indicate that astrocytes
differentiation, in particular GFAP+ cells, is more dependent on SOX9,
compared to oligodendrogenesis. This is in agreement with the ability of
SOX9 to induce the expression and interact with nuclear factor 1 A
(NF1A/NFIA) for optimal induction of gliogenic genes, including Gfap
[150]. The importance of NFI proteins in gliogenic induction is highlighted
by the ability of NF1A and NF1B to directly convert fibroblasts in functional
astrocytes [181]. Accordingly, development of brain structures that are
particularly supported by astrocytes, such the corpus callosum [176] and
the hippocampus [179], are affected in Sox9 mutants (Fig. 3.2.13). Agenesis
of the corpus callosum has also been reported in human patients affected
by Campomelic dysplasia [143], while mutations in (NF1) A, B and X genes
affect hippocampus and corpus callosum development [71, 179, 182].
Because the hippocampus and the dentate gyrus appeared to be the most
affected structures in Sox9fl/fl;Sox1Cre/+ adult brains, and considering the
importance of dentate gyrus adult neurogenesis for memory formation and
pattern separation [94], this structure was further analysed to identify the
specific role(s) of Sox9 underlining this phenotype (see Results chapters 5
and 6).
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Chapter 4.
Oligodendrogenesis is delayed in the
absence of SOX9, but it recovers
postnatally due to redundancy with
SOX8.
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4.1 Introduction
4.1.1 Known roles of SOXE proteins in
oligodendrogenesis
4.1.1.1 Expression of SOXE proteins during
oligodendrogenesis
Oligodendrocytes (OLs) are the myelin forming cell type in the central
nervous system (CNS). Their lineage specification consists of generation of
intermediate precursors, the oligodendrocyte precursor cells (OPCs),
which usually express the proteoglycan surface molecule (NG2), the
platelet-derived growth factor receptor a subunit (PDGFRa) and several
transcription factors such as OLIG2, the obligate bHLH transcription factor
for OPCs specification [83], as well as the SRY-box transcription factors
(SOX) 10 and SOX9. OPCs then differentiate into pre-myelinating OLs, still
expressing OLIG2, SOX10, NG2 and PDGFRa, but losing SOX9 expression;
and finally in mature myelinating OLs, expressing OLIG2, SOX10 and
myelin specific proteins such as myelin-associated glycoprotein (MAG)
and myelin basic protein (MBP; Fig. 4.1.1) [183].
OLIG2 is expressed in RGCs before switch to oligodendrogenesis, and is
maintained in the lineage up to differentiation [83]. Olig2 deletion
completely abolishes oligodendrogenesis and results in precocious and
ectopic astrogenesis from the progenitor of motoneurons (pMN) domain
[83] of the spinal cord, demonstrating that the protein is necessary for
OPCs specification in this CNS area. In the developing brain instead, OLIG2
is functionally redundant with OLIG1 for oligodendrocytes specification
[184]. On the other hand, SOX9 is only present until the OPCs stage and
downregulated once OPCs further differentiate [185]. It is necessary for
their specification, because Sox9 deletion before the onset of OPCs
specification (~E11.5 using Nestin-Cre), causes a complete loss of
oligodendrogenesis, which then recovers at later stages of spinal cord
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development [144], while deleting Sox9 after OPCs specification (using
Sox10-Cre) does not affect their maturation [170]. In addition, SOX9
downregulation is needed for oligodendrocytes lineage progression.
SOX10, which is also present from OPCs specification but maintained
throughout the lineage, is not necessary for spinal cord OPCs specification,
but for OLs final maturation [153]. In fact, SOX10 can posttranscriptionally regulate Sox9 levels via induction of miRNAs, miR335
and miR338, that recognise Sox9 3’-UTR and lead to a post-transcriptional
reduction its level [186]. Finally, Sox8 expression in OPCs occurs after that
of Sox9 and before that of Sox10. It is maintained within the whole lineage,
however its deletion alone only slightly affect oligodendrocytes
maturation in the spinal cord [152].
During development, proliferating OPCs migrate within the parenchyma.
PDGF-A, secreted by neighbouring cells, is crucial for maintenance of OPCs
[187] and expression of its receptor, PDGFRa, is controlled by SOX9 and
SOX10 [170]. In fact, conditional deletion of Sox9 in the developing
cerebellum using En1-Cre leads to diminished numbers of OLIG2+ and
PDGFRa+ cells, probably caused by their reduced proliferation [154].
Finally, OPCs can be found in the adult CNS as well: they are evenly
distributed in the tissue and can still proliferate to generate new OLs [178].

Figure 4.1.1. Oligodendrocytes lineage progression and their
markers.
Made with BioRender.
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4.1.1.2 SOXE proteins role in embryonic oligodendrocytes
waves
During development, OPCs are specified from distinct regions of
ventricular radial glia cells (RGCs) that have been identified via lineage
tracing with the Cre-Lox system [74]. However, this is due to technical
limitation, in fact the current hypothesis is that OPCs are instead generated
in a continuous ventral to dorsal wave. Soon after their specification, OPCs
proliferate and migrate in all directions evenly populating the
parenchyma, where they will finally differentiate into mature OLs.
OPCs first appear in the developing CNS around E12.5 from the RGCs pMN
domain of the spinal cord and from the Nkx2.1+ RGCs of the ventral medial
ganglionic eminence (MGE) and preoptic area (POA) of the forebrain. Later
during embryonic development, more OPCs are produced around E15.5
from the Nkx6.1/6.2 domain of the dorsal spinal cord RGCs and around
E16.5 from the Gsx2 domain of the lateral ganglionic eminence (LGE) RGCs
in the forebrain [74, 75]. In the spinal cord, OPCs generated ventrally in
pMN domain represent 80% of the final oligodendrocyte population of the
adult spinal cord, while the dorsally derived make up to the remaining
20%. In contrast, in the forebrain, although ventrally derived OPCs from
POA, MGE and LGE domains initially migrate to populate both ventral and
dorsal forebrains, they will only be maintained in the ventral
telencephalon, while they will be mostly eliminated in the dorsal
telencephalon [74, 75].
The induction of ventral OPCs specification from RGCs in the pMN domain
in the spinal cord and the POA, LGE and MGE in the forebrain, is controlled
by the ventral morphogen sonic hedgehog (SHH) that it is expressed in
these domains (Fig. 4.1.2) and is able to directly induce both Olig2 [76] and
Sox9 [19] expression. On the other hand, Wnt and BMP signalling, active
dorsally,

inhibit

OPCs

specification

to

avoid

precocious

RGCs

differentiation, in both the spinal cord [188] and telencephalon [189].
Finally, around birth (~E18.5) a third wave of OPCs originates from the
Emx1 domain of the dorsal telencephalon RGCs, 80% of which populate
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specifically this area, overcoming ventrally derived OPCs which only
represent 20% of the final OPCs population in this area; the remaining of
these early OPCS are eliminated via still unknown mechanisms [74, 75].
Therefore, during development, OLs are generated in excess, and even
experimental depletions can be compensated for [190]. In fact, when OPCs
are completely eliminated from the developing forebrain, by expressing a
diphtheria toxin A chain under control of Emx1-Cre, Gsx2-Cre and Nkx2.1Cre, OPCs originating from the midbrain replenish the forebrain [58],
highlighting the plasticity of this population.
The third wave appears to be SHH-independent, as SHH is not expressed
dorsally and would not reach the dorsal telencephalon from its ventral
source (Fig. 4.1.2). Moreover, Olig2 expression as well as dorsal OLs
specification is only reduced, but not completely abolished, in Shh-/- spinal
cord [191], indicating that redundant pathways are involved in OPCs
specification. In the dorsal telencephalon, OPCs specification is attributed
to FGF signalling, which is secreted by the rostral forebrain (Fig. 4.1.2) [52,
192]. FGF can induce OLIG2 in vitro and in vivo in zebrafish [193], however
through cooperation with SHH signalling [77]. Moreover, deletion of Sox9,
downstream target of SHH, only abolishes early oligodendrogenesis,
which is then recovered around E16.5 in the spinal cord [144].
Interestingly, the timing of OLs recovery coincides with the beginning of
the dorsal wave, suggesting again that this latter might not be dependent
on SHH.
On the other hand, weak SHH expression has been identified in the E12.5
diencephalon [194] which at that stage might be closer to the dorsal
telencephalon, however too early for the appearance of OPCs in that brain
area. Finally, a recent study identified that secretion of SHH from the
choroid plexus and migrating interneurons during embryonic forebrain
development can control dorsal oligodendrogenesis (Fig. 4.1.2) [79].
These data suggest that, contrary to what previously thought, the dorsal
wave of oligodendrogenesis might also rely on a SHH-dependent pathway.
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Figure 4.1.2. Updated sources of morphogens in the developing
forebrain controlling oligodendrogenesis.
Adapted from [195].
Interestingly, the perinatal dorsal wave of OPCs generation occurring in
the forebrain is not observed in the spinal cord, apart from generation of
OLs from parenchymal OPCs [58]. This additional wave of OPCs occurring
in the forebrain might have evolved later in order to supply the brain,
which is more voluminous compared to the spinal cord, with additional
locally generated OLs. Despite ventral and dorsal OLs generation being
specified by different pathways, OLs are functionally similar as, so far, no
studies have identified differences between dorsally and ventrally derived
OLs physiologically [75, 196]. However, in response to focal
demyelination, dorsally derived OPCs have higher proliferation and
differentiation capacity leading to their higher contribution to
remyelination compared to their ventrally derived counterparts [197].

4.1.1.3

Role

of

SOXE

proteins

in

the

neuro-to-

oligodendrocytes switch
OPCs are generated from RGCs after their neurogenesis to gliogenesis
switch. Indeed, the same domains giving rise to OPCs are generating
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specific neuronal populations before the switch. For example, RGCs within
the pMN domain and the dorsal domain of the spinal cord, generate
motoneurons (MNs) before switching to OPCs. Similarly, in the forebrain,
before

OPCs

specification,

LGE

and

MGE

generate

GABAergic

interneurons, while the dorsal telencephalon generates pyramidal
neurons [45].
The generation of OPCs in waves in both spinal cord and forebrain,
indicates that RGCs neuro-to-OLs switch occurs at different times in
different areas of the CNS and this has to be carefully controlled to ensure
that the correct number of each cell types is generated.
Accordingly, deletion of Sox9 in the spinal cord leads to failed
oligodendrogenesis from the ventral domains and consequently, increased
number of MNs generated from the same domain [144]. Interestingly, as
the RGCs in the dorsal domains are less affected by Sox9 deletion, both
motoneurons generation and 2nd wave oligodendrocytes are not
compromised [144].
However, prolonged neurogenesis was not detected in all studies where
Sox9 has been deleted in the brain [149, 154]. In Sox9-null developing
cerebellum, contrasting results have been published where one study
showed an increase of PAX2+ interneurons and FOXP2+ Purkinje cells but
unaffected astrocytes differentiation [149], while another study showed
unaffected PAX2+ and FOXP2+ and astrocytic populations, despite a
compromised oligodendrogenesis [154]. These contradictory results
might be due to different Cre drivers employed which induce different
spatio-temporal Sox9 deletion patterns. In fact, while in the first study,
Pax2Cre [149] is used to conditionally delete Sox9, which is active from E8.5,
in the second study En1Cre [154] is employed which is instead active from
E10.5. Therefore, residual expression of Sox9 before its deletion might
instruct RGCs for timing of neuronal differentiation.
In addition, in Sox9 null forebrain, increased numbers of PSA-NCAM+
neuroblasts were detected in the DT [19], which however is in contrast
with the hypothesis, formulated for the spinal cord [144], that RGCs neuroto-glia switch is not dependent on SOX9 in the dorsal CNS. Therefore, the
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role of SOX9 in the neuro-to-oligodendrocytes switch in the ventral and
dorsal brain is unclear and needs further clarification.

4.1.1.4 SOXE proteins functional redundancy
SOXE proteins have extremely similar HMG binding domain, with only 1
AA different between SOX8 and SOX9, five between SOX8 and SOX10 and
4 between SOX9 and SOX10 [126]. This reflects their ability to be
functionally redundant with each other in different contexts.
SOX8 is functionally redundant during male gonadal development,
because deletion of Sox9 after sex determination does not affect testicular
development, however, this will fails if both Sox9 and Sox8 are deleted
[134]. Similarly, oligodendrocytes generation during spinal cord
development is initially abolished in absence of SOX9, but recovers later
on due to functional redundancy with SOX8, because oligodendrogenesis
completely fails in absence of both SOX9 and SOX8 [152]. Moreover, Sox8
and Sox9 spatio-temporal expression patterns in the developing spinal
cord are more similar compared to that of Sox10, further confirming that
functional redundancy between these two SOXE proteins is likely in this
context [152].
SOX8 and SOX10 can also be functional redundant. SOX8 can indeed
recognize SOX10 binding sites, however its activation rate is lower
compared to SOX10 [198]. This redundancy exists in the spinal cord
because deletion of Sox8 further aggravates the failed OPCs maturation
observed in Sox10+/- spinal cords [198].
Therefore, during oligodendrogenesis, SOX8 can be functionally
redundant with both SOX9 and SOX10 because it starts to be expressed
early during the OLs lineage, similarly to Sox9, and lasts until their final
differentiation, similarly to Sox10.
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4.1.2 Unanswered questions about SOXE proteins
during

forebrain

oligodendrogenesis

–

Chapter

hypotheses
In the previous result chapter, we showed that oligodendrogenesis is
initially absent in E13.5 forebrains upon Sox9 deletion, however it appears
completely recovered in adult Sox9 mutants. This is similar to previous
studies showing OPCs recovery in Sox9 mutant spinal cord [144].
Here the aim is to determine at which stage OPCs recovery occurs, and
whether it corresponds to a specific wave (either 2nd or 3rd), as this would
indicate which RGCs domain(s) is/are dependent on Sox9 expression for
the oligodendrogenesis switch. Moreover, better characterisation of the
phenotype would indicate if the absence of SOX9 causes a general delay in
oligodendrogenesis due to reduced OPCs proliferation, as shown in the
developing cerebellum [154], or is due to a failure of SHH-dependent
ventral waves, as previously shown in the spinal cord [144].
Finally, detailed analysis of the pattern of Sox8 expression during
forebrain development, as well as generation of a mouse model with
combined deletion of Sox8 and Sox9, are examined to determine whether
SOX8 can compensate for SOX9 loss during forebrain oligodendrogenesis.

154

4.2 Results
4.2.1 Oligodendrogenesis in Sox9fl/fl;Sox1Cre/+ mutant
embryos is recovered at birth
In the previous chapter, I showed that oligodendrogenesis is significantly
affected by the absence of Sox9, because no PDGFRa+ oligodendrocyte
precursors cells (OPCs) were detected in the preoptic area of E13.5
Sox9fl/fl;Sox1Cre/+ embryos (Fig. 3.2.9.Ai-iii). However, both PDGFRa+ OPCs
and MAG+ oligodendrocytes appeared almost completely recovered in
both cortex and striatum of Sox9fl/fl;Sox1Cre/+ adult mice (Fig. 3.2.11). I then
aimed to determine when oligodendrocyte recovery occurred.
During forebrain development, the NSC gliogenic switch occurs at around
E12.5, with oligodendrocyte precursors first appearing in a ventral
domain (pre-optic area), before this expands dorsally to the ganglionic
eminences (GE) around E16.5, and then finally reaching the dorsal
telencephalon (DT) around birth [74, 185]. To determine at which stage
oligodendrogenesis is rescued in Sox9 mutants, PDGFRa+ OPCs were
quantified at E16.5, E18.5 and P0 in GE and DT. PDGFRa+ OPCs are still
absent in Sox9fl/fl;Sox1Cre/+ embryos at E16.5, however their number
increases at E18.5 and completely recovers at birth in both GE (Fig.
4.2.1.A,B) and DT (Fig. 4.2.2.A,B). Moreover, oligodendrocyte recovery
appears slightly slower in the DT compared to the GE, as PDGFRa+ OPCs
are still significantly reduced in the DT of E18.5 Sox9fl/fl;Sox1Cre/+ embryos,
compared to GE at the same stage (compare E18.5 in Fig. 4.2.1.B and Fig.
4.2.2.B). Interestingly, the timing of oligodendrocyte recovery in Sox9
mutants correlates with induction of dorsal oligodendrogenesis from the
DT in a normal developing mouse brain, which occurs around E18.5 to P0
[196]. This suggests that, in contrast to the first two waves, dorsal
oligodendrogenesis may not be affected in Sox9 mutants, and that it is this
that underlines recovery.
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Figure 4.2.1: Time course analysis of oligodendrocyte recovery in the
ventral forebrain of Sox9fl/fl;Sox1Cre/+ embryos.
A) Representative coronal sections of preoptic area (i-ii) and ganglionic
eminence (GE; iii-viii) from E13.5, E16.5, E18.5 and P0 Sox9fl/+;Sox1+/+
control and Sox9fl/fl;Sox1Cre/+ mutant samples, stained for DAPI (grey) and
the OPC marker PDGFRa (green) to analyse embryonic
oligodendrogenesis. This shows that OPC recovery in Sox9fl/fl;Sox1Cre/+
ventral forebrain starts just before birth. Diagrams on top show brain
areas analysed in the panels underneath. Diagram over E16.5 panel
applies to E18.5 and P0 panels as well.
B) Quantification of OPCs (PDGFRa+ cell per area of tissue measured in
pixels) showing that recovery initiates just before birth. Error bars
indicate standard deviation. n: number of samples. p-value is indicated as:
non-significant
(ns):p>0.05;
*:p≤0.05;
**:p≤0.01;
***:p≤0.001;
****:p≤0.0001. Counting summary of PDGFRa+ cells per pixel area in (B):
Sox9fl/+;Sox1+/+ E13.5 (n=3): 8.45±1.04; E16.5 (n=3): 4.60±1.17; E18.5
(n=3): 8.24±1.61; P2 (n=3): 9.25±0.46. Sox9fl/fl;Sox1Cre/+ E13.5 (n=3):
0.31±0.21; E16.5 (n=3): 0.33±0.23; E18.5 (n=3): 5.11±1.25; P2 (n=3):
8.70±0.34.
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Figure 4.2.2: Time course analysis of oligodendrocyte recovery in
dorsal forebrain of Sox9fl/fl;Sox1Cre/+ embryos.
A) Representative coronal sections of dorsal telencephalon (DT) from
E16.5, E18.5 and P0 Sox9fl/+;Sox1+/+ control and Sox9fl/fl;Sox1Cre/+ mutant
samples, stained for DAPI (grey) and the OPCs marker PDGFRa (green) to
analyse embryonic oligodendrogenesis, showing OPC recovery in
Sox9fl/fl;Sox1Cre/+ dorsal brain starts around birth. Diagram on top shows
brain area analysed in the panels below. E13.5 samples are omitted in this
analysis because no PDGFRa+ OPCs are detected in Sox9fl/+;Sox1+/+ control
samples at this stage.
B) Quantification of OPCs (PDGFRa+ cell per area of tissue measured in
pixels) showing that recovery initiates just before birth. Error bars
indicate standard deviation. n: number of samples. p-value is indicated as:
non-significant
(ns):p>0.05;
*:p≤0.05;
**:p≤0.01;
***:p≤0.001;
****:p≤0.0001. p-value is not shown for groups with less than 3 samples.
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Counting summary of PDGFRa+ cells per pixel area in (B): Sox9fl/+;Sox1+/+
E16.5 (n=3): 1.95±0.65; E18.5 (n=3): 14.17±2.07; P2 (n=3): 17.47±3.79.
Sox9fl/fl;Sox1Cre/+ E16.5 (n=3): 0.22±0.25; E18.5 (n=3): 6.97±1.26; P2 (n=3):
13.69±1.50.

Loss of OPCs could be due to the increased cell apoptosis associated with
Sox1Cre activity (Fig. 3.2.2-4). Therefore the pre-optic area at E13.5 (Fig.
4.2.3.Ai,C) as well as GE (Fig. 4.2.3.Aii,C) and DT (Fig. 4.2.3.B,C) at E18.5
were examined. Normal numbers of PDGFRa+ cells were observed in
Sox9+/+;Sox1Cre/+ embryos suggesting that the reduction of OPC numbers is
not due to Cre-associated cell death. Moreover, PDGFRa+ OPCs in the GE
of E13.5 Sox9+/+;Sox1Cre/+ embryos are negative for active Caspase 3
staining, showing that they are not apoptotic (Fig. 4.2.3.D). Therefore, the
initial failure of oligodendrogenesis in Sox9fl/fl;Sox1Cre/+ embryos is not due
to Cre apoptotic effect, but to Sox9 deletion.
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Figure 4.2.3: Oligodendrogenesis occurs normally in both ventral and
dorsal forebrain of Sox9+/+;Sox1Cre/+ embryos.
A,B) Representative coronal sections of E13.5 preoptic area (Ai) and E18.5
GE (Aii) and DT (B) from Sox9+/+;Sox1Cre/+ control samples, stained for
DAPI (grey) and the OPCs marker PDGFRa (green), showing that the
Sox1Cre/+ allele does not affect embryonic oligodendrogenesis. Diagrams on
top show brain areas analysed in the corresponding panels below. GE:
ganglionic eminence, DT: dorsal telencephalon.
C) OPCs quantification shown as PDGFRa+ cell per tissue pixel area. Error
bars indicate standard deviation (SD). n: number of samples. p-value is
indicated as non-significant (ns):p>0.05.
D) Coronal sections of E13.5 preoptic area from Sox9+/+;Sox1Cre/+ control
sample stained for PDGFRa (green) and activated Caspase 3 (red). No
double labelled cell could be found, indicating Cre apoptotic effect is not
affecting OPCs.
Counting summary of PDGFRa+ cells per pixel area in (C): Sox9+/+;Sox1Cre/+
E13.5 GE (n=3): 8.89±1.73; E18.5 GE (n=3): 11.09±1.12; E18.5 DT (n=3):
17.60±1.62.
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Finally, to confirm that the oligodendrocyte recovery was not due to a few
NSCs escaping Cre recombination, and therefore Sox9 deletion, SOX9
expression was analysed in oligodendrocytes, staining with OLIG2, a
transcription factor expressed by the whole oligodendrocyte lineage. Most
OLIG2 positive cells express SOX9 in control embryos (Fig. 4.2.4.i-iii). In
contrast, SOX9 staining was absent in P2 Sox9fl/fl;Sox1Cre/+ pups, while
OLIG2+ cells were still present (Fig. 4.2.4.iv-vi). Therefore, recovery is not
due to incomplete deletion of Sox9. Interestingly, while OLIG2+ cells
distribution appears normal in the cortical parenchyma, these are lacking
specifically close to the ventricle in Sox9 mutants compared to controls.
Quantification and more stainings are needed to confirm this result and
determine their identity. All together, these results confirm a role for SOX9
in initiating forebrain oligodendrogenesis, as was previously shown in the
developing spinal cord [144].
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Figure 4.2.4: SOX9 incomplete deletion does not explain recovery of
oligodendrocytes in Sox9fl/fl;Sox1Cre/+ mutants.
A) Coronal sections of DT from P2 Sox9fl/+;Sox1C+/+ control and
Sox9fl/fl;Sox1Cre/+ mutant pups stained for the oligodendrocyte lineage
marker Olig2 (red) and SOX9 (cyan), showing oligodendrocytes generated
in Sox9 mutants are indeed not expressing SOX9 and therefore did not
escape Cre recombination.
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4.2.2 Oligodendrogenesis recovery in Sox9 mutant
brains is due to functional redundancy with SOX8
Stolt et al., previously showed that, during SC development,
oligodendrocyte recovery in Sox9 mutants is due to functional redundancy
with SOX8 [152]. During normal brain development, Sox9 and Sox8
expression overlap in the GE ventricular zone at E12.5 (Fig. 4.2.5.Bi-ii)
where NSCs are located, therefore they are likely to be functionally
redundant during brain oligodendrogenesis. To address this hypothesis,
Sox8;Sox9 double mutants were generated crossing Sox9fl/fl;Sox1Cre/+ and
Sox8LacZ/LacZ animals (from now indicated as Sox8-/-; detailed breeding
scheme is shown in Chapter 2; Fig. 4.2.5.A). Successful deletion of both
Sox8 and Sox9 was confirmed by ISH at E12.5 (Fig. 4.2.5.B) and qPCR on
mRNA extracted from E11.5 forebrains (Fig. 4.2.5.C). Sox8/Sox9 double
mutants are viable until E18.5, but never survive after birth. However,
E18.5 was a late enough stage to assess oligodendrogenesis recovery,
because at this stage PDGFRa+ OPCs are almost completely recovered in
Sox9 mutants.
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Figure 4.2.5: Generation and validation of Sox8/Sox9 double mutants
A) Sox8;Sox9 double mutant mice were generated crossing
Sox9fl/fl;Sox1Cre/+ with a Sox8-/- animals (detailed breeding scheme shown
in Chapter 2). The diagram shows details of the alleles used: blue triangles
represent loxP sites, while orange boxes represent DNA regions that will
be deleted upon Cre recombination. the Sox8 mutation was generated by
substituting the Sox8 ORF with a LacZ sequence.
B) Coronal sections of E12.5 Sox9+/+;Sox1Cre/+ control and
Sox9fl/fl;Sox1Cre/+;Sox8-/- double mutant processed for ISH using Sox9 (i, iii)
and Sox8 (ii and vi) probes confirming lack of expression of both
transcription factor genes in the double mutant.
C) Absence of Sox9 and Sox8 transcripts was further confirmed via qPCR
analysis on RNA extracted from E11.5 forebrains. Bars indicate Sox9
(black) and Sox8 (grey) fold change and error bars indicate standard error
of the mean (SEM). Stars above each bar indicate levels of significance
between the corresponding sample and each of the preceding controls. n:
number of samples. Only statistically significant p-value is shown and
indicated as *:p≤0.05; **:p≤0.01; ***:p≤0.001; ****:p≤0.0001. p-value is
not shown for groups with less than 3 samples.
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The striatum of Sox8;Sox9 double mutant embryos was then analysed for
PDGFRa expression. Deletion of Sox8 alone does not have any effect on
oligodendrocyte

generation

at

E18.5

(Fig.

4.2.6.ii).

However,

Sox9fl/fl;Sox1Cre/+; Sox8+/- embryos display a dramatic reduction of PDGFRa+
cells in the striatum, showing that Sox8 becomes haplo-insufficient for OPC
generation on a Sox9 null background (Fig. 4.2.6.iv). Moreover, in
Sox9fl/fl;Sox1Cre/+;Sox8-/- embryos, OPCs fail to recover at E18.5 (Fig.
4.2.6.v), demonstrating that SOX8 compensates for SOX9 loss during
forebrain oligodendrocyte generation.
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Figure 4.2.6: Gradual reduction of SOXE protein dosage in compound
mutants correlates with reduction in the number of OPCs.
A) Representative coronal sections of the striatum from E18.5 embryos,
stained for the OPC marker PDGFRa, showing how gradual reduction of
SOXE proteins leads to gradually reduced amount of OPCs in the striatum.
Diagram on the bottom shows brain areas analysed in the panels above.
B) Quantification of OPCs, here shown as PDGFRa+ cell per pixel area.
Error bars indicate standard deviation. n: number of samples. Only
statistically significant p-value is shown and indicated as **:p≤0.01; pvalue is not shown for groups with less than 3 samples. Counting summary
of PDGFRa+ cells per pixel area in (B): Sox9fl/+;Sox1+/+ (n=3): 8.24±1.61;
Sox9+/+;Sox1Cre/+ (n=3) 11.09±1.12; Sox8-/- (n=2): 11.60±0.72;
Sox9fl/fl;Sox1Cre/+ (n=3): 5.11±1.25; Sox9fl/fl;Sox1Cre/+;Sox8+/- (n=2):
1.00±0.06; Sox9fl/fl;Sox1Cre/+;Sox8-/- (n=3): 0.07±0.07.
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While Sox9fl/fl;Sox1Cre/+;Sox8-/- double mutants never survived after birth,
a few Sox9fl/fl;Sox1Cre/+;Sox8+/- survived, allowing analysis of their adult
phenotype. To confirm the genotype, analysis of expression of these two
transcription factors was performed with immunostaining: SOX9 was
undetectable (Fig. 4.2.7.Aiii-iv) and SOX8 staining was dramatically
reduced in the striatum (Fig. 4.2.7.Av-vi).
Surprisingly, despite the dramatic reduction at E18.5 (Fig. 4.2.6), both
PDGFRa+ OPCs and MAG+ mature oligodendrocytes appeared normal in
the cortex of 3 month-old Sox9fl/fl;Sox1Cre/+;Sox8+/- mice (Fig. 4.2.7.Avii-x).
Therefore, one copy of Sox8 on a Sox9 null background is sufficient to
rescue oligodendrocyte generation, albeit with a delay.
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Figure 4.2.7: Analysis of oligodendrocyte markers in
Sox9fl/fl;Sox1Cre/+; Sox8+/- adult mice.
A) Representative coronal sections of striatum and cortex from 3 monthold Sox9fl/+;Sox1+/+ control and Sox9fl/fl;Sox1Cre/+;Sox8+/- mutant mice.
Genotype was confirmed with immunostaining: SOX9 and SOX8 were
normally detected in the control (iii, v), however, in the mutant, SOX9 was
absent (iv) and SOX8 was reduced (vi). Both PDGFRa+ OPCs and MAG+
mature oligodendrocytes were normally found in Sox9fl/fl;Sox1Cre/+;Sox8+/mutant mice indicating that one copy of SOX8, on a Sox9null background,
is sufficient for oligodendrogenesis recovery.
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4.2.3 Spatio-temporal analysis of oligodendrocyte
recovery
Oligodendrocyte recovery in Sox9 mutant forebrain is due to functional
compensation by SOX8. To better understand this redundancy, expression
of this transcription factor was examined in the ventral and dorsal
forebrain separately. At E12.5, Sox8 expression pattern and staining
intensity were not significantly affected by absence of Sox9 (Fig. 4.2.8.A).
Sox8 expression levels were then quantified from E11.5 whole forebrains,
and E12.5 to E18.5 embryos, where cortex and striatum were dissected
separately (Fig. 4.2.8.B). Interestingly, in E11.5 Sox9fl/fl;Sox1Cre/+
forebrains, Sox8 levels appear to be increased compared to controls,
although this is not statistically significant (Fig. 4.2.8.C). At E12.5 and
E14.5, Sox8 is now significantly up-regulated in the DT of Sox9fl/fl;Sox1Cre/+
embryos compared to controls (Fig. 4.2.8.D), while its expression does not
significantly change in the GE (Fig. 4.2.8.E). Later, at E16.5, Sox8 levels
return to control levels in both DT and GE. Finally, at E18.5, Sox8 appears
to be downregulated in Sox9fl/fl;Sox1Cre/+ embryos compared to controls, in
both analysed brain areas (Fig. 4.2.8.D,E).
Therefore, in the absence of Sox9, Sox8 is upregulated specifically in the
dorsal forebrain between E12.5 and 14.5, while it is unchanged in the
ventral forebrain. This suggests that SOX8 compensates for SOX9 loss
specifically at these stages in the dorsal forebrain, and that this is when
and from where the recovered oligodendrocytes originate.
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Figure 4.2.8: Time course analysis of embryonic Sox8 expression in
Sox9 mutants
A) Coronal sections of E12.5 Sox9fl/+;Sox1+/+ control and Sox9fl/fl;Sox1Cre/+
mutant embryos processed for Sox8 ISH showing no significant alteration
in pattern or intensity of Sox8 expression in absence of Sox9, at this stage.
B) Diagram of embryonic brain dissections performed for qPCR analysis
(C, D). At E11.5, forebrains were dissected as a whole. From E12.5 to E18.5,
DT and GE were dissected separately, archicortex/hippocampus were
removed from DT during dissection to avoid contamination from this
brain area. Red dotted lines indicate how the tissue was dissected. DT:
dorsal telencephalon; GE: ganglionic eminence.
C,D,E) Quantification of Sox8 expression level from E11.5 forebrains (C),
E12.5, E14.5, E16.5 and E18.5 DT (D) and GE (D), dissected as indicated in
B. Fold change was calculated in relation to Sox9fl/+;Sox1+/+ control samples
in each age group.. Error bars indicate standard error (SEM). Only
statistically significant p-value is shown and indicated as *:p≤0.05;
**:p≤0.01; ***:p≤0.001; ****:p≤0.0001. p-value is not shown for groups
with less than 3 samples.
Number of biological replicates for E11.5: n=4 Sox9fl/+;Sox1+/+; n=5 Sox9fl/fl;
Sox1+/+; n=4 Sox9+/+;Sox1Cre/+; n=6 Sox9fl/fl;Sox1Cre/+. E12.5: n=1
Sox9fl/+;Sox1+/+; n=3 Sox9fl/fl;Sox1+/+; n=3 Sox9+/+;Sox1Cre/+; n=3
Sox9fl/fl;Sox1Cre/+. E14.5: n=3 Sox9fl/+;Sox1+/+; n=3 Sox9fl/fl;Sox1+/+; n=1
Sox9+/+;Sox1Cre/+; n=3 Sox9fl/fl;Sox1Cre/+. E16.5: n=4 Sox9fl/+;Sox1+/+; n=3
Sox9fl/fl;Sox1+/+; n=3 Sox9+/+;Sox1Cre/+; n=3 Sox9fl/fl;Sox1Cre/+. E18.5: n=2
Sox9fl/+;Sox1+/+; n=3 Sox9fl/fl;Sox1+/+; n=3 Sox9+/+; Sox1Cre/+; n=3 Sox9fl/fl;
Sox1Cre/+.

To further characterise the recovery of oligodendrogenesis in Sox9
mutants, analysis of differential contribution of the ventral and dorsal
waves of OPCs was performed. Because Cre recombination was already
used for Sox9 conditional deletion, lineage tracing was not possible to
perform this analysis. However, as the ventral and dorsal waves are
generated at different times (E13.5 = ventral brain, E18.5 = dorsal brain),
therefore an EdU cell birth-dating experiment was instead used to label
cells generated at each specific stage.
To label OPCs generated from the ventral wave, pregnant females were
injected with EdU at E13.5 (Fig. 4.2.9.A). P2 pups were then harvested,
when the number of OPCs is fully recovered in Sox9 mutants, and analysed
the proportion of EdU+ PDGFRa+ OPCs within the whole PDGFRa+ OPCs
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population, in both cortex and striatum. In control embryos, the
proportion of OPC labelled with EdU was greater in the striatum than in
the dorsal forebrain, confirming that during normal development,
oligodendrocytes originating from the ventral wave populate primarily
the striatum, developing from the ventral forebrain [74]. In the cortex of
both Sox9fl/fl;Sox1Cre/+ and control P2 pups, the proportion of PDGFRa+
OPCs being EdU+ was similarly small (around 6 %, Fig. 4.2.9.B,C). In
contrast, in the striatum, the proportion of OPCs labelled with EdU in
Sox9fl/fl;Sox1Cre/+ pups was nearly half that observed in controls (Fig.
4.2.9.B,D). This result suggests that without Sox9, the earlier ventral wave
of oligodendrogenesis is reduced during embryonic development. On the
other hand, the small fraction of cortical OPCs generated at this stage is not
affected by absence of Sox9.
To then label OPCs generated from the dorsal wave, pregnant females
were injected with EdU at E18.5 (Fig. 4.2.10.A) and again harvested at P2.
There was no significant difference in the proportion of double labelled
cells between striatum and cortex in control embryos, therefore dorsal
oligodendrogenesis contributes equally to both populations. In addition,
no significant difference was found in the proportion of EdU+ OPCs
between Sox9fl/fl;Sox1Cre/+ pups and controls (Fig. 4.2.10.B-D).
All together these findings indicate that the dorsal wave is not affected by
absence of Sox9, due to functional redundancy with SOX8, reinforcing the
hypothesis of a dorsal origin for the recovered oligodendrocytes in
mutants. Further analyses are needed to clarify the spatial origin of the
recovered oligodendrocytes in this context.
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Figure 4.2.9: EdU cell birth-dating analysis of oligodendrocytes
generated from the ventral wave.
A) Schematic of experimental protocol: to label cells generated during the
ventral wave of oligodendrogenesis, pregnant females were injected with
EdU at E13.5 and pups harvested at P2.
B) Quantification of OPCs generated from the ventral wave (images in C
and D), shown as percentage of PDGFRa+EdU+ OPCs / PDGFRa+ OPCs, in
cortex and striatum. Sox9fl/fl;Sox1Cre/+ pups have significantly less striatal
OPCs generated during the ventral wave compared to controls. Error bars
indicate standard deviation. n: number of samples. p-value is indicated as:
non-significant
(ns):p>0.05;
*:p≤0.05;
**:p≤0.01;
***:p≤0.001;
****:p≤0.0001.
C,D) Representative coronal sections of cortex (C) and striatum (D) from
P2 Sox9fl/+;Sox1+/+ control and Sox9fl/fl;Sox1Cre/+ mutant pups, stained for
the OPCs marker PDGFRa (green) and EdU (red) and quantified in B.
Dotted squares indicate area magnified on the right. White arrows indicate
PDGFRa+ EdU+ OPCs. Diagrams on top shows brain area analysed in the
corresponding
panels
underneath.
Counting
summary
of
%PDGFRa+EdU+/PDGFRa+ cells in (B): Sox9fl/+;Sox1+/+ cortex (n=3):
6.96±0.97; striatum (n=3): 13.84±0.17. Sox9fl/fl;Sox1Cre/+ cortex (n=3):
6.71±1.08; striatum (n=3): 7.82±1.20.
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Dorsal wave birth-dating protocol:
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Figure 4.2.10: EdU cell birthdating analysis of oligodendrocytes
generated from the dorsal wave.
A) Schematic of experimental protocol: to label cells generated during the
dorsal wave of oligodendrogenesis, pregnant females were injected with
EdU at E18.5 and pups harvested at P2.
B) Quantification of OPCs generated from the dorsal wave (images in C and
D), here shown as percentage of PDGFRa+EdU+ OPCs / PDGFRa+ OPCs in
cortex and striatum. Both Sox9fl/fl;Sox1Cre/+ mutant and Sox9fl/+;Sox1+/+
control pups have the same proportion of striatal and cortical OPCs
generated during the dorsal wave. Error bars indicate standard deviation.
n: number of samples. p-value is indicated as: non-significant (ns):p>0.05;
*:p≤0.05; **:p≤0.01; ***:p≤0.001; ****:p≤0.0001.
C,D) Representative coronal sections of cortex (C) and striatum (D) from
P2 Sox9fl/+;Sox1+/+ control and Sox9fl/fl;Sox1Cre/+ mutant pups, stained for
the OPCs marker PDGFRa (green) and EdU (red) and quantified in B.
Dotted squares indicate area magnified on the right. White arrows indicate
PDGFRa+ EdU+ OPCs. Diagrams on top shows brain area analysed in the
corresponding
panels
underneath.
Counting
summary
of
%PDGFRa+EdU+/PDGFRa+ cells in (B): Sox9fl/+;Sox1+/+ cortex (n=3):
18.68±5.47; striatum (n=3): 16.31±3.69. Sox9fl/fl;Sox1Cre/+ cortex (n=3):
20.50±2.03; striatum (n=3): 18.14±4.07.
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4.3 Discussion
In the previous result chapter, conditional Sox9 deletion using Sox1Cre was
shown to cause a complete failure of oligodendrogenesis in the E13.5
developing forebrain. However, both OPCs and mature OLs recovered in
the adult Sox9 mutant. The aim of this result chapter was to further analyse
this phenotype, to clarify the timing and origin of OPCs recovery as well as
the molecular mechanism underlying it.

4.3.1 Initial oligodendrogenesis failure in Sox9
mutants is not due to defective OPCs detection,
survival or expansion
The presented analysis is based on one single OPC marker (PDGFRa),
which expression is known from previous studies to be controlled by SOX9
[170]. Following this hypothesis, OPCs might actually be generated in Sox9
ablated forebrain, however without expressing PDGFRa, precluding their
detection. Therefore, further analyses with different OPCs markers, such
as OLIG2, SOX10 or NG2, are necessary to confirm this phenotype.
Nevertheless, EdU birth-dating experiments confirmed that OPCs
generation at E13.5 is reduced in absence of Sox9 (Fig. 4.2.9), suggesting
that the observed phenotype is indeed due to failed OPCs formation rather
than failure of OPCs detection.
Moreover, expression of PDGFRa is necessary for OPCs survival, as well as
proliferation and migration [170]. Therefore, OPCs survival/expansion
rather than their specification might be compromised in absence of Sox9.
Reduction of OPCs proliferation has already been reported in OPCs from
Sox9 ablated developing cerebellum [154]. However, EdU birth-dating
experiments clearly showed no difference in PDGFRa+ cells generated
from E13.5 DT and E18.5 DT and GE, indicating that a defect in OPCs
proliferation should not underlie failed ventral oligodendrogenesis.
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In conclusion, these results suggest that delayed OPCs generation in Sox9
ablated forebrain is not due to failed OPCs detection, survival or
expansion. Nevertheless, specific analysis of OPCs proliferation, for
example expression of Ki67, might be undertaken to confirm this result.

4.3.2 Functional redundancy of SOX9/SOX8 during
brain oligodendrogenesis
PDGFRa+ OPCs are initially missing in Sox9fl/fl;Sox1Cre/+ developing
forebrains, however they start reappearing around E18.5 in both DT and
GE, achieving complete recovery by birth (Fig. 4.2.1 and 4.2.2). Similar
results were observed in the Sox9 null developing spinal cord [144],
although with a different timing (discussed in the 4.3.3 section below). In
Sox9fl/fl;Sox1Cre/+;Sox8-/- embryos, OPCs specification does not recover at
E18.5 (Fig. 4.2.6), therefore SOX8 functional redundancy underlies OPCs
recovery, similarly to what is observed in the developing spinal cord [152].
Despite very similar coding sequences [126], SOX8 capacity to induce gene
expression is not as efficient as SOX9, as oligodendrogenesis is still
delayed. Similar results have been found regarding functional redundancy
between SOX8 and SOX10 [198]. On the other hand, SOX8 dosage might be
lower compared to SOX9, therefore limiting downstream gene activation.
This hypothesis is supported by Sox8 overexpression observed in the DT
of Sox9 mutants, which might trigger OPCs recovery (Fig. 4.2.8).
In addition, or instead, it is possible that SOX8 might also have its own
specific DNA binding domains in close proximity to SOX9 ones, however,
they might be less or less efficient, ultimately reducing SOX8 target gene
induction. Further analyses are needed to confirm either of these
hypotheses, for example a bioinformatics analysis to identify SOX8 binding
domains within SOX9 target genes promoter, or a ChIP sequencing and
ATAC sequencing to identify the exact DNA domains recognised by SOX8
with and without SOX9.
Nevertheless, only one copy of SOX8 is sufficient to recover
oligodendrogenesis completely, as Sox9fl/fl;Sox1Cre/+;Sox8+/- adult mice
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survive, and both oligodendrocyte and OPCs are present (Fig. 4.2.7),
although quantification is needed to confirm numbers are normal.
Moreover, oligodendrocytes lacking SOX9 are functional because Sox9
mutants are alive, confirming that Sox9 expression is only necessary for
OPCs specification and not for their final differentiation.
Finally, because Sox8/Sox9 double mutants do not survive, while Sox8 full
knock-out

[199]

and

Sox9fl/fl;Sox1Cre/+

mice

do,

absence

of

oligodendrocytes might explain the lethality, indicating that indeed
oligodendrocytes are necessary for survival.

4.3.3 Recovered oligodendrocytes in Sox9 ablated
forebrains are likely to originate from the dorsal
telencephalon
The timing of OPCs recovery is different between forebrain and spinal cord
lacking Sox9. In the spinal cord, SOX10+ and OLIG2+ cells start recovering
around E16.5, which corresponds to the second dorsal wave [144], while
in the developing forebrain, PDGFRa+ OPCs recovery starts at E18.5 which
correlates with the third dorsal wave (Fig. 4.2.1 and 4.2.2). These results
suggest that, in both spinal cord and forebrain development, absence of
Sox9 causes failure of ventral wave(s), while not affecting the dorsal one.
Therefore, timing of OPCs recovery in spinal cord and forebrain are
different because dorsal waves occurs at different stages in these tissues.
However, these different results might also be due to discrepancy in the
methodology among studies: in fact, different OPCs markers were used for
analysis of oligodendrogenesis (SOX10 and OLIG2 [144] vs. PDGFRa in this
study) which are expressed by slightly different cell population and
therefore can affect the result; moreover, different Cre lines used for Sox9
conditional deletion (Nestin-Cre [144] vs. Sox1Cre in this study) which are
active at different developmental stages therefore leading to different
timing of Sox9 deletion. Therefore, further analyses using the same animal
model as well as the same oligodendrocyte markers are needed to confirm
OPCs recovery timing.
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Nevertheless, spatio-temporal analysis of oligodendrocyte recovery via
EdU birthdating experiments shows that only GE-derived OPCs are
reduced in Sox9 mutants (Fig. 4.2.9), while the cortical ones are not
affected (Fig. 4.2.10). This further implies that the origin of the recovered
oligodendrocytes in Sox9 mutants is the DT.
Furthermore, the demonstration that functional redundancy with SOX8
underlies oligodendrocytes recovery following Sox9 deletion (Fig. 4.2.6)
further suggests that the recovered cells originate from the DT. This is
because, upon Sox9 deletion, Sox8 is specifically overexpressed in the DT
around E12.5/E14.5 while is unchanged in the GE (Fig. 4.2.8). It would be
interesting to further investigate this hypothesis, and determine whether
dorsal oligodendrogenesis is dependent on Sox8 up-regulation in this
context by analysing DT specific Sox8 downregulation in Sox9 mutants.
Several Cre lines are available to specifically target the DT, however Sox9
deletion is already performed using Sox1Cre. One possibility would be to
specifically mutate Sox8 in the DT of Sox9fl/fl;Sox1Cre/+ embryos via genome
editing, using in utero electroporation (IUE) [200], and analyse the ability
of the electroporated Sox8 mutated;Sox9 null RGCs to become OPCs.
In addition, the ventral specific impairment of the neuro-tooligodendrocyte switch further argues about a dorsal recovery. In the
ventral developing spinal cord, lack of Sox9 causes prolonged
neurogenesis from the corresponding RGCs domain (pMN) that is revealed
by the overproduction of motoneurons, at the expense of oligodendrocytes
[144], while the dorsal switch in potential is not affected, therefore not
compromising neurons vs. oligodendrocytes production. We showed in
the previous result chapter, that neurogenesis in the DT is not affected in
absence of SOX9 (Fig. 3.2.7 and 3,2,8). This result is in agreement with the
hypothesis that dorsal RGCs fate switch is SHH-, therefore SOX9independent. To analyse whether Sox9 ablation specifically affects the
ventral neuro-to-glial switch, therefore preventing oligodendrogenesis
while prolonging neurogenesis, similarly to the spinal cord [144], EdU
birth-dating experiments of ventrally derived GABAergic interneurons is
currently being undertaken.
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Finally, further experiments to confirm the dorsal recovery are currently
ongoing. IUE experiment are being performed in order to trace the origin
of cortical derived OPCs. While in normal conditions the ventral forebrain
is populated by ventrally derived OPCs, it would be expected that Sox9
mutants are populated by dorsally derived ones, as the ventral waves fail.
Therefore, comparing the proportion of dorsally derived OPCs in Sox9
mutants vs. controls should further clarify this aspect.

4.3.4 Dorso-ventral regulation of SOX8 and SOX9
Previous studies suggested that ventral oligodendrocyte wave is
SOX9/SHH-dependent, while dorsal one FGF-dependent. On the contrary,
the recovery of Sox9-null oligodendrocytes due to SOX8 functional
redundancy, suggests that OPCs specification in the dorsal forebrain is
indeed dependent on SOXE proteins. In agreement, a recent study has
demonstrated a potential source of SHH from the choroid plexus as well as
migrating interneurons, on which dorsal oligodendrogenesis depends
[79]. Therefore, this latter study, together with the results presented in
this thesis, might actually suggest that SHH can control both Sox9 and Sox8
expression also dorsally.
On the other hand, SOX9 might specifically inhibit Sox8 expression in the
dorsal forebrain. In fact, SOX9 has previously been shown to act as a
repressor when cooperating with SHH downstream effectors, in particular
GLI3 [131]. In this scenario, Sox9 deletion would result in Sox8
overexpression. Further analyses are needed to clarify this regulatory
loop, for example a bioinformatics analysis to identify SOX9/GLI binding
domains on SOX8 promoter, as well as in vitro experiments the test the
effect of SOX9 on Sox8 expression with and without GLI proteins.
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Chapter 5.
Early deletion of Sox9 in the archicortex
affects gliogenesis, granule neuron
progenitor migration and DG
development
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5.1 Introduction
5.1.1 The dentate gyrus of the hippocampus
5.1.1.1 Morphological structure, circuitry and function
The hippocampus is formed by the dentate gyrus (DG), a densely packed
layer made mainly of excitatory glutamatergic granule neurons; the Cornu
Ammonis (CA) 1,2,3 and the Subiculum (S), which are instead formed of
pyramidal cells; and the hilus (also known as CA4), a region between DG
and CA3 containing interneurons and axons from the DG on the way to CA3
(Fig. 5.1.1). The granule neurons of the DG participate in a local circuitry
with its surrounding brain regions, called tri-synaptic circuitry. In fact, DG
granule neurons receive their main input signals from the adjacent
entorhinal cortex (EC) via the so called Lateral and Medial Perforant Paths
(LPP and MPP), and then project to the CA3 via Mossy Fibres (MF).
Pyramidal neurons in the CA3 then contact those in the CA1 via Shaffer
Collaterals (SC), which in turn project back to the EC, also via the S, closing
the circuit (Fig. 5.1.1) [201]. CA2 instead, localised between CA1 and CA3,
also participate in the circuit and is particularly involved in social
behaviour [202].
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Figure 5.1.1 Structure of the hippocampus and tri-synaptic circuitry.
Light blue and red lines represent LPP and MPP projection form the EC to
the DG; green cells: granule neurons of the DG projecting to the CA3 with
MF via the hilum/CA4; pink cells: pyramidal cells from CA3 projecting CA1
via SC; blue and orange cells: pyramidal cells from CA1 and S projecting to
S and EC.
DG: dentate gyrus; CA: Cornu Ammonis; S: subiculum; EC: enthorinal
cortex; MF: mossy fibres; SC: Schaffer collaterals; LPP and MPP: lateral and
medial perforant paths. Adapted from [201].
The DG represents one of the three niches of the adult brain where active
neural stem cells (NSCs) can be found and therefore where generation of
new neurons still occurs (together with the SVZ of the lateral ventricle [27]
and a sub-population of tanycytes of the 3rd ventricle [17]). Neurogenesis
in the DG is necessary for it to fulfil its functions in learning, spatial
memory, pattern separation and depression/mood modulation [94] and
will be discussed in further details below.

5.1.1.2 Adult neurogenesis: cellular and molecular
mechanisms
In the adult DG, the cell body of NSCs are found in the subgranular zone
(SGZ), while ramifications are projected throughout the granule cell layer
(GL; Fig. 5.1.2). NSCs express typical markers of embryonic radial glia cells
(RGCs) such as SOX2, GFAP and Nestin. They are usually quiescent
(qNSCs); when they re-enter the cell cycle to divide, they become activated
NSCs (aNSCs) and can be identified by the expression of cell cycle markers,
such as Ki67. aNSCs generate intermediate progenitors (IPs) which lose
their ramification and expression of astrocytic markers. IPs markers
include SOX2, Tbr2 and DCX, the combination of which determine
progressively differentiating neurons (Fig. 5.1.2). IPs proliferate actively
to expand their pool and gradually start expressing granule neurons
markers like NeuroD1 and Prox1 and transiently Calretinin. Later, they
differentiate into fully mature Calbindin+, Prox1+ and NeuN+ granule
neurons and integrate into the pre-existing neuronal networks [94].
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Figure 5.1.2 Adult neurogenesis in the SGZ of the DG.
NSCs: neural stem cell; qNSCs: quiescent NSCSs; aNSCs: activated NSCs;
IPs: intermediate progenitors; SGZ: subgranular zone; GL: granule layer;
ML: molecular layer. Made with BioRender. Adapted from [203].
Similar to neural progenitors during CNS development, Notch and BMP
signalling are fundamental for maintenance of the quiescent state of NSCs
in the DG. For example, ablation of Notch downstream effector RBPJ or
BMP downstream effector Smad4, results in premature expansion and
depletion of DG NSCs [204, 205]. However, later in the lineage, BMP can
also promote neuronal differentiation, in fact, deletion of Smad4, leads to
reduction of DCX+ IPs in the adult DG [205].
Moreover, Hes proteins, downstream targets of Notch, inhibit neuronal
differentiation by repressing bHLH proneural genes, such as Ngn2 and
Ascl1 [206]. However, Notch also induces expression of Sox2, which is
fundamental for active proliferation of the IPs as well as maintenance of
their undifferentiated state, because SOX2 can inhibit early and late
differentiating markers, such as Tbr2, NeuroD1 and Prox1 [94]. At early
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steps of neurogenesis in the SGZ, the Wnt pathway is promotes NSC selfrenewal, via its canonical pathway (b-catenin dependent). However, at
later stages, Wnt signalling antagonises the proliferative effect of SOX2 and
Notch, as it can promote neuronal differentiation via its non-canonical
pathway (b-catenin independent) [207], via induction of Ngn2 [167],
NeuroD1 and Prox1 [208]. In particular, for granule neuron differentiation
from IPs, the induction of a cascade of transcription factors starts from
Ngn2, which then induces Tbr2, in turn NeuroD1 and finally Prox1, which
recapitulates neurogenesis in the embryonic DG [209].
Another direct downstream target of SOX2 is SHH, which is important for
proliferation of IPs in the adult DG as well as for the expansion of granule
neuron progenitors during dentate gyrus development [90, 210].
Moreover, SHH signalling from the amygdala is fundamental for formation
of NSCs that will later populate the SGZ [89], probably inhibiting their
premature entry in the quiescent state and promoting self-renewal.
So far, SOX9, whose expression correlates with the quiescent state of DG
NSCs [211], has not been shown to be involved in any step of adult DG
neurogenesis or adult NSCs formation. However, Sox9 has been shown to
be a downstream target of both Notch and SHH pathways in other
systems[19, 140], therefore it is likely to play a role in this context as well.

5.1.1.3 Role in memory formation
The DG is involved in several processes, such as memory formation,
pattern separation and spatial navigation [94, 212, 213]. These functions
rely on formation of new neurons from the SGZ, as behavioural
experiences can influence maturation, shape and connectivity of newborn
neurons as well as the existing circuitry. Indeed, DG neurons can develop
long term potentiation (LTP) [214], which decreases neuronal action
potential threshold and this has been proposed to be important for
episodic memory and synaptic plasticity involved in memory formation
[215].
Activation of qNSCs, IPs proliferation and differentiation are also
influenced by neurotransmitters released from the surrounding neurons.
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For example, release of GABA has an effect on NSCs as it inhibits their
proliferation, promoting maintenance, but also act on IPs, together with
glutamate and NMDA, to induce their differentiation. On the other hand,
acetylcholine and dopamine promotes NSC proliferation [92]. Survival,
differentiation and integration in the pre-existing neuronal networks are
also particularly regulated, because newborn neurons are more excitable
and have enhanced synaptic plasticity compared to mature granule
neurons [94].
Some examples of external stimuli influencing DG adult neurogenesis are
physical activity, which induce acetylcholine release and therefore NSC
proliferation, as well as exposure to an enriched environment. On the
other hand, DG adult neurogenesis is decreased in aged brains, during
neurodegenerative diseases, and also when cognitive impairments are
present, such as anxiety and depression [213]. In mice, DG functionality
can be analysed with specific behavioural tests. For example, memory
formation and pattern separation can be studied with a novel object
recognition test (NORT) [95], or fear conditioning [216]; spatial navigation
with a Morris water maze test [95], and anxiety with an open field test.
Therefore, modulating adult neurogenesis in mice using the external
stimuli described above, drugs or genetic manipulation, can affect their
performances during behavioural tests, because their memory formation
ability is compromised. Therefore, behavioural tests can be used as a
readout of DG adult neurogenesis.
In conclusion, the ability of the DG to form new memories, relies in part on
its ability to make new neurons arising from the SGZ, and this is because
adult neurogenesis is shaped by external clues and experiences.

5.1.2 Origin and development of the DG
5.1.2.1 Progenitor domains and migration
The hippocampus develops from the archicortex (ARK), which lies next to
the neocortex and forms from the invagination of the telencephalic roof at
the dorsal midline (Fig. 5.1.3. A). Within the most ventral part of the
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archicortex, the hippocampal primordium is formed around E13.5 during
mouse brain development with defined dorsal-ventral domains that will
develop into different parts of the hippocampus (Fig. 5.1.3. A insert). The
hippocampal

neuroepithelium

(HNE)

dorsally

and

the

dentate

neuroepithelium (DNE) ventrally, contain the RGCs that will give rise to
the pyramidal neurons of the CA regions and the granule neurons of the
DG, respectively [92]. During DG development, SOX2+ RGCs in the DNE,
also indicated as primary (1ry) matrix, locally proliferate and, around
E13.5/E14.5, give rise to TBR2+ IPs that migrate radially towards the
brain midline, forming the secondary (2ry) matrix (Fig. 5.1.3. A insert).
Around E16.5, the IPs reach the hippocampal fissure where the
prospective DG will form, also called tertiary (3ry) matrix, where they
start differentiating into PROX1+ granule neurons (Fig. 5.1.3. B
insert)[213]. Here, they are distributed between the upper blade of the DG
first, and the lower blade later (Fig. 5.1.3. C insert) [217]. Progenitor
migration from 1ry to 3ry matrix, as well as within the 3ry matrix itself,
relies on both cell extrinsic and intrinsic signalling. Some examples are:
the gradient of Reelin and chemokines (SDF1), diffused by Cajal-Retzius
(CR) cells, a glial scaffold made both from the RGCs and astrocytes (Fig.
5.1.3. C insert), as well as cytoskeleton remodelling pathways and
microtubule associated proteins [218]. The detailed mechanism will be
discussed later in this chapter.
Granule neuron progenitors gradually mature while migrating,
independently of the surrounding cells, and subpopulations of IPs still
proliferating can be found in both 2ry and 3ry matrix. Consequently,
within each matrix cells at different stages of maturation co-exist [218]. By
the first post-natal week, the DNE is depleted of RGCs, and TBR2+
proliferating progenitors can only be found in the 3ry matrix. Gradually,
PROX1+ granule cells within the DG blades become more compacted and,
from the second post-natal week, SOX2+ Ki67+ become more restricted to
the SGZ and GFAP expressing cells acquire a radial conformation through
the GC layer, indicating that the adult stem cell niche is established [88,
92].
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Finally, during DG development, the NSCs later populating the SGZ of adult
DG supporting its adult neurogenesis, are also generated. However,
contrary to the SVZ [86], they are not set aside during embryonic
development, but gradually transit from generation of granule neurons of
the DG proper, to a quiescent state [87]. Moreover, a recent paper
suggested that adult NSCs, or at least some of them, originate from the
most ventral part of the developing hippocampus and then migrate
dorsally to populate the whole DG [89].

A

B

VZ

VZ
CA1

HNE

HNE

1ry
2ry
1ry

3

3ry

DNE

2ry

DNE

E13.5/E14.5

CA

E16.5/E18.5

CH

CH

C

CA3

HNE
1ry

2ry

DNE

P0/P2

3ry

CH

1ry matrix
2ry matrix
3ry matrix
Cajal-Retzius cells
Dentate glial scaffold

Figure 5.1.3 Origin and development of the DG.
HNE: hippocampal neuroepithelium; DNE: dentate neuroepithelium; CH:
cortical hem; VZ: ventricular zone; 1ry: primary matrix; 2ry: secondary
matrix; 3ry: tertiary matrix. CA3: Cornu Ammonis 3.

5.1.2.2 Role of the cortical hem
The most ventral area of the ARK is the cortical hem (CH), also known as
fimbria at later stages of development, which is a source of Wnt (e.g. 2b,
3a, 5a, 7b) [219] and BMP molecules, as well as where CR cells and
astrocytic progenitors of the dentate glial scaffold originate. For these
reasons, the CH is fundamental for hippocampus morphogenesis as it
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controls growth and patterning of hippocampal domains, as well as the
rest of the forebrain.
CH-derived morphogens
Wnt and BMP signals are necessary for induction of the DNE and HNE
hippocampal domains, for specifying their cell type identity as well as
expanding the progenitor pool [51]. In fact, disruption of CH formation
[53] or CH-derived Wnt3a [219] or BMP4 [220] expression, completely
abolish hippocampus formation. Moreover, abolishing expression of Wnt
pathway members (LRP6, co-receptor; Lef1, downstream effector) leads
to reduction of the number of granule neurons produced [54] probably
due to reduced progenitor pool amplification. On the other hand, Wnt can
also control neurogenesis via induction of neuronal genes (Ngn2, Prox1,
NeuroD1) [167, 208], as it has been shown in the adult DG neurogenesis.
On the other hand, BMP signalling from the CH induces expression of Lhx2
in the adjacent DNE and HNE, but not in CH itself [221, 222]. The role of
LHX2 there is to specify cortical/neuronal identity, while suppressing
alternative fates such astrocyte differentiation

[72]. This was

demonstrated in Lhx2-null chimeric embryos, where clusters of Lhx2-/cells in the ARK (Wnt2b expressing tissue, indicated as ectopic CH),
induced ectopic expression of Lhx2 in the above wild-type cells, from
which ectopic hippocampi were developing (indicated by expression of
PROX1) [55] (Fig. 5.1.4).
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Figure 5.1.4 Extra DG domain induced by ectopic CH tissue.
Developing ARK in control and Lhx2-null chimeric embryos. Ectopic
hippocampi induced by ectopic CH originating from clusters of Lhx2-/cells. Wnt2b is expressed by the Lhx2-/- cells that therefore act as CH. They
induce expression of KA, marker of CA3 neurons.
ARK: archicortex; CH: cortical hem. Adapted from [55].
Glial scaffolds
During brain development, newborn neurons use the apical projection of
the parental RGCs to migrate away from the VZ within the parenchyma and
towards their final position in the brain [103]. During DG development,
newborn granule neuron progenitor migration also relies on a radial glia
scaffold or palisade. This scaffold originates from the RGCs in the DNE, and
projects to the 3ry matrix; it usually expresses typical radial glial markers
such as GFAP, Nestin, GLAST and BLBP (Fig. 5.1.3. C insert). In particular,
the glial scaffold helps both the migration of progenitors from the DNE to
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the 3ry matrix, and also their arrangement within the 3ry matrix itself.
Interestingly, an ectopic Nestin+ palisade is formed from the ectopic hems
induced in Lhx2-null chimeric embryos [55], indicating that indeed the
palisade originate from the CH. In addition, its formation is also regulated
by Wnt signalling, as deletion of Lrp6 and/or Lef1, Wnt co-receptor and
downstream effector respectively, reduces the GFAP+ scaffold [55], as well
as deletion of Reelin and Notch [223].
Formation of the glial scaffold is also controlled by Nuclear Factor I (NFI)
family of transcription factors (A, B and X). In Nfib-/-, Nfix-/- [224] and Nfia/-

[71] mice, granule neurons migration is affected and the DNE-derived

GFAP+ scaffold is compromised, however a separate CH-derived bundle of
GFAP+ fibres appears less affected [179]. The authors therefore suggested
that the glial scaffold supporting granule neuron progenitor migration
during DG development, might originate partly from the RGCs of the DNE
and partly from astrocytes progenitors in the CH (Fig. 5.1.5), and that the
molecular pathway controlling their specification might differ depending
on the ARK region. However, this is pure speculation as there is not, so far,
any direct demonstration of a glial scaffold originating from the CH and
supporting granule neuron progenitor migration.

Figure 5.1.5 CH-derived and DNE/HNE-derived glial scaffold.
In absence of NF1B, DNE/HNE-derived glial scaffold is lost, while the CHderived is heavily reduced. DNE: dentate neuroepithelium; HNE:
hippocampal neuroepithelium; CH: cortical hem. Obtained from [179].
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Reduction of the glial scaffold in NFI mutants is probably due to NFIA/B
involvement in the RGCs neuro-to-glia switch during CNS development. In
fact, Nfia and Nfib mutant mice display delayed gliogenesis in the
developing spinal cord [81], as well as agenesis of the corpus callosum
[182] probably due to defective induction of glial differentiation in the
forebrain midline. During gliogenesis induction in the developing spinal
cord, SOX9 has been shown to promote expression of NF1A, as well as to
interact with it to increase downstream gliogenic targets induction [150].
A similar interaction may exist between SOX9 and NFIB. However, in the
developing DG, SOX9 and NFIA/B potential interactions have not been
examined yet. So far, NFIA expression in the hippocampal primordium is
known to be controlled by Wnt pathway, in particular its downstream
effector TCF/Lef1 that directly binds to the NFIA promoter [225].
Cajal-Retzius cells
CR cells are mostly known for controlling neuronal migration during
cortical development via release of Reelin. CR cells are generated in the
cortical hem, as well as from other areas of the developing forebrain [115].
In fact, ablation of the CH significantly reduce CR cells production but does
not completely abolish cortical layering [53], as CR cells are compensated
by other sources. From the CH, CR cells migrate towards the cortex along
the marginal zone of the hippocampus [226]. They represent one of the
first neuronal cell type to be generated during brain development, and
they express typical neuronal markers such as TBR2, which is required for
their migration [227], or more specific markers such as p73 [53].
The CR cells-Reelin system is also involved in DG granule neuron
progenitor migration. Both DG and CA regions are loosely packed and
multi-layered in adult Reelin mutant mice (known as Reeler mice) [112].
During DG development, Reelin specifically operates at later stages of
granule neurons migration, controlling their arrangement in the dentate
area [228], because early progenitors migration from the DNE to the 3ry
matrix is not affected in Reeler developing DG. Finally, Reelin appear to
have a role in formation of the glial scaffold as well, which might partially
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be involved in the disrupted granule neuron migration observed in Reeler
mice [223, 229].

5.1.2.3 Cytoskeleton remodelling
As for neuronal migration in the developing cortex, granule neurons
migration also relies on cytoskeleton remodelling and microtubule
organization. Mice models lacking expression of Cdk5 kinase (or related
co-factors, such as p35 or p39) [110] as well as the microtubule associated
proteins such as DCX (mainly in the CA regions) [109] and LIS [230],
exhibit defects in CA1/3 and DG layering and compactness. The adult DG
phenotypes of these mice model are similar to adult Reeler mice
hippocampi, as Reelin also act on cytoskeleton remodelling [111].
Finally, most of the mouse models listed also display defective cortical
layering, indicating that neuronal migration in cortex and hippocampus
development share similar molecular pathways.

5.1.2.4 CXCR4/SDF1
During DG development, the chemokine SDF1 (also known as CXCL12) is
secreted by the meninges and CR cells, while its receptor CXCR4 is
expressed by migrating neuronal progenitors. A recent study has shown
how inhibition of SDF1/CXCR4 interaction during DG development from
E15.5, via intraventricular infusion of CXCR4 antagonist AMD3100, altered
the positioning, but not total number, of PROX1+ granule neurons along
the 2ry and 3ry matrix [231]. Moreover, inhibition of CXCR4 signalling
induced precocious differentiation, as ectopic NeuroD1+ cells were found
in the 1ry matrix [231]. These data also suggest that CXCR4 maintains
RGCs stemness in the 1ry matrix of the developing DG. In fact, CXCR4 has
been shown to induce Notch expression and inhibition of the proneural
gene Ascl1 in vitro [232]. Interestingly, overexpression of CXCR4, via
deletion of its direct repressor COUP-TFI, also leads to dysregulation of
granule neuron progenitor migration, causing their accumulation close to
the ventricle [233]. However, this defect was observed only when COUP189

TFI was deleted early during DG development, while no effect (migration
and CXCR4 increased expression) was observed when the deletion
occurred post-mitotically [233]. This indicates that CXCR4 controls cell
migration only at early stages of granule neuron progenitor lineage, while
not once they mature into post-mitotic neurons.

5.1.3 SOX9 and DG development – chapter hypotheses
A role of SOX9 during DG development has not yet been reported.
However, the size of the DG seems significantly reduced in Sox9fl/fl;Sox1Cre/+
mutants compared to controls, while other brain areas did not seem as
affected.
The phenotype observed in Sox9 mutants could be due to impaired DG
adult neurogenesis, which would ultimately lead to DG size reduction. As
mentioned earlier, SOX9 is downstream of both Notch and SHH pathways
in other systems. Furthermore, both pathways are known to be involved
in NSCs maintenance in the adult SGZ and this could be via SOX9 function.
Therefore, adult DG phenotype observed in Sox9 mutants might be due to
loss of NSCs due to reduced SHH and Notch pathways (Chapter 5.1.1.2).
Alternatively, the phenotype observed in the adult Sox9 mutant DG might
have an embryonic origin. In fact, during CNS development, SOX9 is known
to induce and maintain RGCs [19]. Therefore, RGCs formation and
proliferation in the 1ry matrix might be affected in the absence of SOX9.
Moreover, granule neuron progenitor migration is supported by a glial
scaffold. SOX9 is involved in the neuro-to-glia switch as well as induction
of NFIA/B expression during spinal cord development [150]. Therefore,
SOX9 might control astrocytes differentiation in the developing DG as well,
ultimately and indirectly affecting progenitor migration. On the other
hand, SOX9 has been shown to induce Lhx2 expression in the hair follicle
[234], which in the ARK is promoting neuronal differentiation against
astrocytes. This is in contrast with SOX9 role in induction of the gliogenic
switch, however, different molecular mechanisms will operate in different
contexts.
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Finally, a ChIP sequencing analysis revealed that SOX9 directly induces
Cxcr4 expression in pancreatic cancer cell line [235], therefore SOX9 might
also directly control granule neuron progenitor migration during DG
development via induction of Cxcr4 expression in the DNE.
To clarify the adult DG phenotype of Sox9 mutants, we therefore aim to
analyse both NSCs activity in the SGZ of the adult DG, as well as
proliferation, differentiation and migration of granule neuron progenitors
in the developing DG.
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5.2 Results
5.2.1 Sox9 deletion during brain development affects
maintenance of NSCs in the DG
In chapter 3, it was shown that the DG of Sox9fl/fl;Sox1Cre/+ adult mice is
smaller compared to controls, and this was the most obvious defect in
mutant brains. It was therefore decided to analyse this phenotype further.
The subgranular zone (SGZ) of the DG hosts one of the three active
neurogenic niches of the adult brain, where NSCs and progenitors
proliferate to sustain adult neurogenesis [236] (see schematic in Fig.
5.2.1.A). Because SOX9 has previously been shown to control stem cell
maintenance in vivo [19] and in vitro [140], it was important to investigate
whether the activity of NSCs in the DG was affected in Sox9 mutants. To do
so, 3 months old adult brains were stained for SOX2, GFAP and the
proliferation marker Ki67 to identify total numbers of SOX2+GFAP+ NSCs
and SOX2+GFAP- intermediate progenitors (IPs), as well as the proportion
of SOX2+GFAP+Ki67+ activated NSCs (aNSCs) and SOX2+GFAP-Ki67+
dividing IPs (see schematic in Fig. 5.2.1.A). The SGZ was identified
following DG morphology (dotted lines in Fig. 5.2.1.Bv-vii). The number of
SOX2+GFAP+ NSCs was more than halved in the SGZ of Sox9fl/fl;Sox1Cre/+
adults compared to controls (Fig. 5.2.1.Bix-xi and C). In contrast, the
number of SOX2+GFAP- IPs was not significantly affected in Sox9 mutants
(Fig. 5.2.1.Bix-xi and C). SGZ progenitor proliferation instead, was
dramatically

compromised

by

Sox9

deletion:

almost

no

SOX2+GFAP+Ki67+ aNSCs were identified in the SGZ of Sox9fl/fl;Sox1Cre/+
adults (Fig. 5.2.1.Bxi and D), compared to an average of 2.91±0.28% and
4.98±1.4% of SOX2+GFAP+Ki67+ aNSCs on the total NSCs population in
Sox9fl/+;Sox1+/+ and Sox9+/+;Sox1Cre/+ DG respectively (Fig. 5.2.1.Bix-xi and
D). The number of Ki67+ dividing IPs in the SGZ of Sox9 mutants was also
dramatically reduced (Fig. 5.2.1.Bix-xi and D). These data indicated that
the smaller DG in Sox9fl/fl;Sox1Cre/+ adults is significantly depleted of aNSCs,
qNSCs and proliferative IPs, indicating that SOX9 might be required post192

natally for self-renewal of NSCs in this area. Therefore, the reduced size of
DG in Sox9fl/fl;Sox1Cre/+ adults might be due to lack of post-natal
neurogenesis, which fails to populate the DG with new granule neurons.
However, SOX9 has also been shown to control NSC formation and
maintenance during brain embryonic development [19, 140], therefore we
cannot exclude that this phenotype could originate from an earlier defect.

5.2.2 DG NSCs proliferation is less affected in
Sox9fl/fl;Nestin-Cre

adult

mutants

compared

to

Sox9fl/fl;Sox1Cre/+
While most Sox9fl/fl;Nestin-Cre mutant mice do not survive into adulthood,
two mutants were recovered. The DG phenotype in these two mice was
examined and compared to that in the Sox9fl/fl;Sox1Cre/+ conditional
deletion model. In both Sox9fl/fl;Nestin-Cre adults, DG size was not reduced
to the same extent as seen in Sox9fl/fl;Sox1Cre/+ adults (Fig. 5.2.1.Biii-iv, not
quantified), however it was still smaller compared to controls (Fig.
5.2.1.Bi-ii, not quantified). The total number of NSCs in Sox9fl/fl;Nestin-Cre
DG was as reduced, like in Sox9fl/fl;Sox1Cre/+, while IPs were not affected
(Fig. 5.2.1.Bv-xii and C). However, proliferation of both NSCs and IPs
appeared less affected in Sox9fl/fl;Nestin-Cre compared to Sox9fl/fl;Sox1Cre/+
adults (Fig. 5.2.1.Bv-xii and D), although it was still reduced compared to
controls. These data confirm previous findings of our lab that SOX9 is
required for adult NSC proliferation in the DG [146] (see section 5.2.1).
However, conditional deletion of Sox9 using Nestin-Cre does not
dramatically affect DG NSCs proliferation compared to when Sox9 is
deleted using Sox1Cre. Because conditional Sox9 deletion occurs at early
stages of brain development in both cases, the adult DG phenotype is likely
to have an embryonic origin, but the precise timing of Cre-induced
recombination is likely to explain the differences in the phenotype
between the two. This is explored in section 5.2.11.

193

mature granule neuron

A
qNSCs aNSCs
IPs

SGZ
GFAP
Sox2

GFAP
Sox2
Ki67

Sox2
Ki67

B
i

ii

iii

iv

v

vi

vii

viii

ix

x

xi

xii

D

C
Average cells/section

ns

100

***

ns

Sox9+/+
Sox1Cre/+
(n=3)

**
ns

Sox9fl/fl
Sox1Cre/+
(n=3)

50

0

# NSCs
(SOX2+ GFAP+)

# IPs
(SOX2+ GFAP-)

Sox9fl/fl
Nestin-Cre
(n=2)

**

20

ns

***

15
**** ****

%

150

Sox9fl/+
Sox1+/+
(n=3)

10

ns

5
0

activated NSCs

proliferating IPs

% SOX2+ GFAP+ Ki67+ /
SOX2+ GFAP+

% SOX2+ GFAP- Ki67+ /
SOX2+ GFAP-

Figure 5.2.1: Neural stem cell proliferation in the DG is more affected
in Sox9fl/fl;Sox1Cre/+ adults, than in Sox9fl/fl; Nestin-Cre mutants.
A) On the left, diagram of a coronal section from an adult mouse brain,
zoomed into the hippocampus (dotted yellow line). On the right,
schematization of adult DG neurogenesis in the subgranular zone (SGZ).
qNSC: quiescent neural stem cells (dark blue); aNSCs: activated neural
stem cells (light blue); IPs; intermediate progenitors (red).
B) Coronal section of adult hippocampus from 3 months old
Sox9fl/+;Sox1+/+ and Sox9+/+;Sox1Cre/+ controls and Sox9fl/fl;Sox1Cre/+ and
Sox9fl/fl;Nestin-Cre mutants stained with H&E (i-iv) and immunostained
for GFAP (red), SOX2 (green), Ki67 (red) and DAPI (grey; v-xii) . The size
of the DG and proliferation in the SGZ (indicated by the white dotted lines)
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is reduced in Sox9fl/fl;Sox1Cre/+ mice (iii, vii, xi) compared to controls (i, ii,
v, vi, ix, x) but less affected in Sox9fl/fl;Nestin-Cre mutants (iv, viii, xii).
C,D) Quantification of the total number of NSCs and IPs (C) and percentage
of aNSCs (D) and proliferating IPs (D) from 3 months old Sox9fl/+;Sox1+/+
and Sox9+/+;Sox1Cre/+ controls and Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
mutants. NSCs numbers and proliferation and IPs proliferation are
severely reduced in Sox9 mutants. Counting summary of SOX2+GFAP+
NSCs and SOX2+GFAP- IPs cells per section in (C): Sox9fl/+;Sox1+/+ (n=3):
59.47±8.58 and 79.93±35.32; Sox9+/+;Sox1Cre/+ (n=3): 53.87±7.91 and
59.47±5.41; Sox9fl/fl;Sox1Cre/+ (n=3): 19.27±3.10 and 40.13±13.30;
Sox9fl/fl;Nestin-Cre (n=2) 16.14±1.78 and 50.03±4.76.Counting summary of
SOX2+GFAP+Ki67+ activated NSCs and SOX2+GFAP-Ki67+ proliferating
IPs cells per section in (D): Sox9fl/+;Sox1+/+ (n=3): 2.91±0.28 and
10.92±3.99; Sox9+/+;Sox1Cre/+ (n=3): 4.98±1.40 and 15.59±3.18;
Sox9fl/fl;Sox1Cre/+ (n=3): 0 and 0.89±0.96; Sox9fl/fl;Nestin-Cre (n=2)
1.90±0.57 and 5.43±0.27.
Error bars indicate standard deviation. n: number of samples.
p-value is indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01;
***:p≤0.001; ****:p≤0.0001. p-value was not calculated for groups with
less than 3 samples.

5.2.3 Reduced NSC proliferation in the DG of Sox9
mutants is associated with memory formation defects
NSC proliferation in the SGZ sustains adult hippocampal neurogenesis,
which is involved in formation of new memories, particularly spatial
memory [237]. To test whether reduction of NSC number and proliferation
in Sox9fl/fl;Sox1Cre/+ adult DG could result in behavioural deficits, the Novel
Object Recognition Test (NORT) was carried out with 3 months-old male
mice (Fig. 5.2.2.A). This behavioural test assesses memory formation as
the ability of the mice to recognise/remember familiar objects (objects
they have been exposed to previously) over new objects. It runs over three
consecutive days, where on the first day mice are placed in an empty arena
for habituation. On the second training day, mice inside the arena are
exposed to two identical objects, and on the third test day, mice inside the
arena are exposed to one familiar object (from the previous day) and one
new object (Fig. 5.2.2.A). At this stage, it is expected that mice will spend
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more time investigating the new object, demonstrating that they have
memorised the object they have been exposed to on the previous day.
Mouse memory was quantified using the EthoVision XT software as time
spent exploring the objects.
The final number of mice analysed was 13 Sox9fl/+;Sox1+/+, 7
Sox9+/+;Sox1Cre/+ and 11 Sox9fl/fl;Sox1Cre/+ adults. Additional animals were
tested, but excluded from analysis because of insufficient object
exploration on the training (second) day. The tests could not be performed
on Sox9fl/fl;Nestin-Cre mutants as too few survived into adulthood.
On the training (second) day both Sox9fl/+;Sox1+/+ controls and
Sox9fl/fl;Sox1Cre/+ mutants spend roughly 50% of exploration time on each
object (Fig. 5.2.2.B,D). In contrast, exploration time of control
Sox9+/+;Sox1Cre/+ animals was not equal between the two identical objects,
and this prevented obtaining meaningful results on the third day (Fig.
5.2.2.C), which may simply be due to a smaller sample size. On the test
(third) day, Sox9fl/+;Sox1+/+ controls spent significantly more time
exploring the new object (Fig. 5.2.2.B), while mutants did not (Fig. 5.2.2.D).
Therefore, mutant animals underperformed compared to Sox9fl/+;Sox1+/+
controls.
As the time spent by animals exploring the objects was extremely variable,
the data was analysed using the Discrimination Index (DI; Fig. 5.2.2.E),
which adjusts for any difference in total exploration time between mice
[238]. The DI ranges from 1 to -1: positive or negative values indicate
preference to the new or familiar object respectively, while DI around 0
indicates no preference. In the experiments, the positive DI clearly
indicates that control animals have a preference for the new object
(DI=0.35±0.07 for Sox9fl/+;Sox1+/+ mice and 0.28±0.16 for Sox9+/+;Sox1Cre/+
mice), while Sox9 mutants did not (DI=0.07±0.11; Fig. 5.2.2.F); the
difference between both genotypes to Sox9 mutants was very close to, but
did not reach statistical significance. This result suggests that reduced NSC
proliferation in the SGZ of Sox9 mutant adults might affect their memory
formation ability. However, other brain regions not analysed might also be
affected by Sox9 deletion and may impact on this behaviour (e.g. altered
locomotion, smell or sight).
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Figure 5.2.2: Novel object recognition test (NORT) to analyse mice
memory formation suggests reduced object recognition in
Sox9fl/fl;Sox1Cre/+ adults
A) Schematic of NORT protocol. Red and green circles represent familiar
and new objects respectively.
B-D) Quantification of exploration time over the left and right object on
day 2 (red boxes) and on the new object on day 3 (green boxes), showing
Sox9fl/+;Sox1+/+ control mice spent more time exploring the new object on
day 3 (B) compared to Sox9fl/fl; Sox1Cre/+ mutants (D). Sox9+/+;Sox1Cre/+
control animals showed no preference for the new object (C). Each dot
represents a different animal. Summary of % of time spend by mice
exploring left and right objects on the 2nd day and new object on the 3rd
day on total exploration time, as shown in (B,C,D): Sox9fl/+;Sox1+/+ (n=13):
49.83%±22.65%, 50.17%±22.65% and 67.55%±13.16%; Sox9+/+;Sox1Cre/+
(n=7): 56.74%±16.14%, 56.74%±16.14% and 64.18%±21.30%;
Sox9fl/fl;Sox1Cre/+ (n=11): 43.37%±16.65%, 56.63%±16.65% and
53.59%±19.70%.
E-F) Formula used to calculate discrimination index (DI), where time
spent to explore new and familiar objects are indicated as TN and TF
respectively. Interpretation of DI values are indicated below (E).
Representation of DI values calculated based on mice exploration time (F).
Summary of discrimination index (DI) shown in (F): Sox9fl/+;Sox1+/+
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(n=13): 0.35±0.26; Sox9+/+;Sox1Cre/+ (n=7): 0.28±0.43; Sox9fl/fl;Sox1Cre/+
(n=11): 0.07±0.39.
Error bars indicate standard deviation. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05. p-value is not shown
for groups with less than 3 samples.

Reduced NSC proliferation and neurogenesis in the DG has also been
linked to anxiety-like behaviours in mice [239], which are manifested as
fear of light and open spaces [240]. Therefore, defective NSC proliferation
in the DG of Sox9fl/fl;Sox1Cre/+ mice could also increase their anxiety-like
behaviour, thereby reducing their interest in exploring the arena and
ultimately affecting object recognition. To test this hypothesis, an open
field test was performed to analyse the exploration behaviour of the mice
in the arena on the first (habituation) day of the NORT (Fig. 5.2.2.A). The
time (in seconds) spent by mice in the central part of the arena (grey area
in Fig. 5.2.3.A) was compared to the total exploration time (pink area in
Fig. 5.2.3.A). No significant differences were found between controls and
Sox9 mutants (Fig. 5.2.3.B,C), indicating that Sox9fl/fl;Sox1Cre/+ mice do not
present anxiety-like behaviour, at least using this test.
In conclusion, while it is not possible to exclude that other aspects of CNS
function are altered in mutants in a way that could explain or at least
participate in their impaired performance, these results strongly suggest
that compromised NSC activity in the DG underlines the observed memory
defects in Sox9 mutants, and that this is not due to reduced arena
exploration.
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Figure 5.2.3: Open field test to analyse anxiety-like behaviours in
mice, showed no difference between control and Sox9 mutants
A) Schematic of arena subdivision between centre (dotted grey) and
borders (pink) used for open field test. Recordings from NORT day 1 were
used to perform this analysis.
B,C) Quantification of borders and centre of arena exploration time as
seconds (B) and heatmaps of average time (C), performed with EthoVision
XT, showing no difference between Sox9fl/+;Sox1+/+ and Sox9+/+;Sox1Cre/+
controls and Sox9fl/fl; Sox1Cre/+ mutant mice. Error bars indicate standard
deviation. Summary of cumulative time (s) spend by mice exploring the
entire arena (borders+centre) and centre of the arena respectively, as
shown in (B): Sox9fl/+;Sox1+/+ (n=19): 231.72±8.78 and 52.59±9.01;
Sox9+/+;Sox1Cre/+ (n=8): 237.95±6.97 and 47±6.92; Sox9fl/fl;Sox1Cre/+ (n=19):
235.93±14.38 and 48.40±14.25.
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5.2.4

Neuronal

progenitor

formation

is

not

compromised in the archicortex of Sox9 mutant at
E14.5.
It was shown above that DG size as well as SGZ NSC number and
proliferation are reduced in Sox9 mutant adults compared to controls (see
section 5.2.1). Sox9 has previously been shown to control NSCs induction
and maintenance during brain embryonic development [19], therefore, it
was necessary to clarify whether the adult phenotype was due to defects
in granule neuron progenitor formation and maintenance during
embryonic development. These arise from the dentate neuroepithelium
(DNE, also known as primary matrix; dark blue dots in Fig. 5.2.4.A).
Around E14.5 they start migrating towards the brain midline [92], forming
the secondary matrix that can be identified by expression of Tbr2 [241]
(light blue dots in Fig. 5.2.4.A). At this stage, Cajal-Retzius (CR) cells, which
express Tbr2 as well, have also started migrating from the cortical hem
(CH) along the hippocampal midline, however they can be distinguished
from Tbr2+ neuronal progenitors by their location [227]. The number of
progenitors in the secondary matrix and the number of CR cells were
quantified separately at E14.5. No significant differences were found in
either population in Sox9fl/fl;Sox1Cre/+ embryos compared to controls (Fig.
5.2.4.Biv-vi and C). Only one E14.5 Sox9fl/fl;Nestin-Cre embryo was
available and also had a similar number of secondary matrix Tbr2+
progenitors and CR cells compared to Sox9fl/fl;Sox1Cre/+ and control
embryos (Fig. 5.2.4.Biv-vi and C). Moreover, no significant difference was
found between Sox9 mutants and controls in the proliferation of DNE
progenitors lining the ventricle as analysed, by staining for phosphohistone 3 (PH3) (6Fig. 5.2.4.Bvii-ix and D). This analysis indicates that
early granule neuron progenitor as well as CR cell formation are not
affected in the archicortex of Sox9 mutants.
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Figure 5.2.4: Neuronal progenitor formation and proliferation is not
affected in the archicortex of Sox9 mutants at E14.5.
A) Schematic of developing archicortex at E14.5. HNE: hippocampal
neuroepithelium; DNE: dentate neuroepithelium; CH: cortical hem.
B) Coronal sections of E14.5 archicortices from Sox9+/+;Sox1Cre/+ controls
and Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre mutants, stained for DAPI
(grey), Tbr2 (red) and pH3 (green) to quantify numbers and proliferation
of neuronal progenitors in the DNE and Cajal-Retzius (CR) cells. Dashed
white lines (iv-vi) indicate separation between domains and cell types.
C,D) Quantification of Tbr2+ neuronal progenitors in the DNE (dark red,
C) and CR cells (light red, C) from pictures in Biv-vi and neuronal
progenitors proliferation (D), as PH3+ cells lining the ventricle, from
pictures in Bvii-ix.
Counting summary of Tbr2+ cells per section counted as neuronal
progenitors or CR cells respectively, as shown in (C): Sox9fl/+;Sox1+/+ (n=3):
74.87±8.99 and 52.2±6.29; Sox9fl/fl;Sox1Cre/+ (n=3): 92.67±18.67 and
46±3.99; Sox9fl/fl;Nestin-Cre (n=1) 97.4 and 48.6. Counting summary of
PH3+ cells per section counted in the DNE, as shown in (D): Sox9fl/+;Sox1+/+
(n=3): 6.20±1.22; Sox9fl/fl;Sox1Cre/+ (n=3): 7.13±2; Sox9fl/fl;Nestin-Cre (n=1)
8.8.
Error bars indicate standard deviation. n: number of samples. p-value was
calculated between Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+ and is indicated
as: non-significant (ns):p>0.05. p-value is not shown for Sox9fl/fl;Nestin-Cre
mutants as it only contained 1 sample.

5.2.5 In the developing DG of Sox9 mutants, neuronal
progenitors accumulate close to the ventricle and
ectopically differentiate into mature neurons early
post-natally.
DG development was then analysed in pups at P2. At this stage, granule
neuron progenitors generated in the DNE or primary matrix are still
migrating along the secondary matrix (Fig. 5.2.5.B). Many have reached the
developing DG (tertiary matrix) and have differentiated locally into
mature granule neurons. The expression of SOX2 and TBR2 were
investigated at this stage in order to differentiate between SOX2+TBR2+
early neuronal progenitors and SOX2-TBR2+ intermediate neuronal
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progenitors (Fig. 5.2.5.A,B). Moreover, this analysis was combined with an
EdU birth-dating experiment, injecting pregnant females with EdU at
E18.5 to analyse the rate of emergence of these cells (see protocol scheme
in Fig. 5.2.5.A).
The number of SOX2+TBR2+ early progenitors was not affected in either
Sox9 mutants compared to controls (Fig. 5.2.5.C,D). In contrast,
significantly fewer SOX2-TBR2+ intermediate progenitors were present in
Sox9fl/fl;Sox1Cre/+ mutants, compared to either Sox9fl/+;Sox1+/+ controls or
Sox9fl/fl;Nestin-Cre mutants (Fig. 5.2.5.C,E). Moreover, the numbers of
newly generated EdU+SOX2+TBR2+ early progenitors and EdU+SOX2TBR2+ intermediate progenitors were not significantly different between
either Sox9 mutants and controls (Fig. 5.2.5.C,D,E), indicating that
generation of progenitors is not altered in absence of Sox9 (Fig. 5.2.5.D).
Taken together, these results indicate that there is a significant reduction
in the number of intermediate progenitors in Sox9fl/fl;Sox1Cre/+ mutants,
while early progenitors, and proliferation of both cell types are not
affected. In addition, intermediate progenitor numbers are not affected in
Nestin-Cre mutants.
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Figure 5.2.5: Neuronal progenitor formation is partially
compromised in the developing DG of Sox9fl/fl;Sox1Cre/+ P2 pups, but it
recovers in Sox9fl/fl;Nestin-Cre mutants
A) Schematic of EdU birthdating protocol to analyse neuronal progenitor
emergence: EdU was injected at E18.5, pups harvested 4 days later at P2.
Staining for SOX2 and TBR2 was performed to quantify early progenitors
(TBR2+SOX2+) and intermediate progenitors (TBR2+SOX2-).
B) Schematic of matrices in the developing DG at P2: neuron progenitors
are generated in the 1ry matrix (dark blue), then migrate along the 2ry
matrix (middle blue) and then reach the forming DG in the 3ry matrix
(light blue).
C) Reconstructed images of coronal sections of developing DG at P2 from
Sox9+/+;Sox1Cre/+ controls and Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
mutants, stained for EdU (red), TBR2 (blue) and SOX2 (green) to quantify
numbers and formation of neuronal progenitors. Dashed lines (i) indicate
1ry, 2ry and 3ry matrix areas. White arrows (ii, iii) indicated cells
accumulating close to the ventricle in Sox9 mutants (½ matrix).
D,E) Quantification of TBR2+SOX2+ early progenitors and TBR2+SOX2intermediate progenitors total number (green and blue bars respectively)
and newly generated from E18.5 (EdU+, green and blue bars with red
borders respectively). Counting summary of total number of TBR2+SOX2+
early progenitors and TBR2+SOX2- intermediate progenitors respectively:
Sox9fl/+;Sox1+/+ (n=3): 411.6±67.76 and 734±17.44; Sox9fl/fl;Sox1Cre/+ (n=3):
309.5±59.22 and 494±33.6; Sox9fl/fl;Nestin-Cre (n=1) 324.8±30 and
705.7±133.7. Counting summary of newly generated of TBR2+SOX2+EdU+
early progenitors and TBR2+SOX2-EdU+ intermediate progenitors
respectively: Sox9fl/+;Sox1+/+ (n=3): 105.4±19.48 and 139.7±25.58;
Sox9fl/fl;Sox1Cre/+ (n=3): 75±12.39 and 100.7±21.36; Sox9fl/fl;Nestin-Cre
(n=1) 94.13±16.43 and 167±73.43.
Error bars indicate standard deviation. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01.

Nevertheless, the size/area of the forming DG (tertiary matrix) appeared
reduced in both Sox9 mutants compared to controls (not quantified Fig.
5.2.5.C, 5.2.6.B). Moreover, it was noticed that in the developing DG of P2
Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre pups, cells were accumulating
close to the ventricle next to the DNE (white arrows in Fig. 5.2.5.Cii-iii,
5.2.6.Bii-iii-v-vi); this is renamed 1/2 matrix from now on. This phenotype
could be explained if migration of neuronal progenitors were affected
upon Sox9 deletion. To investigate this hypothesis, progenitor distribution

204

was analysed along the three matrices of P2 developing DG. Significantly
more SOX2+TBR2+ early progenitors were found in the primary matrix of
Sox9fl/fl;Sox1Cre/+ pups compared to controls, but fewer in the tertiary
matrix (Fig. 5.2.6.C), suggesting a migration defect. In Sox9fl/fl;Nestin-Cre
mutants, SOX2+TBR2+ cell numbers in the primary matrix were not
affected, but significantly more cells were present in the secondary matrix
of these animals compared to Sox9fl/fl;Sox1Cre/+ mutants and controls (Fig.
5.2.6.C). Similarly to Sox9fl/fl;Sox1Cre/+ mutants, fewer SOX2+TBR2+ early
progenitors had reached the tertiary matrix in Sox9fl/fl;Nestin-Cre, again
suggesting a migration defect. Finally, the number of SOX2-TBR2+
intermediate progenitors was not affected in either the primary and
secondary matrices of both Sox9 mutants compared to controls. Fewer of
these cells were present in the tertiary matrix in both mutants, however
this was only significant in Sox9fl/fl;Sox1Cre/+ animals (Fig. 5.2.6.D).
Therefore, early progenitors have a tendency to accumulate in the primary
matrix in the developing DG of Sox9fl/fl;Sox1Cre/+ mutants, or in the
secondary matrix in Sox9fl/fl;Nestin-Cre mutants. As a consequence,
progenitors are significantly reduced in the tertiary matrix of Sox9
mutants. This suggests a defect in migration along the three matrices
during embryonic development of the DG, and could explain at least partly
its reduced size in Sox9 adult mutants.
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Figure 5.2.6: In the developing DG of P2 Sox9 mutants, neuronal
progenitors accumulate in the 1ry and 2ry matrix and are reduced in
the 3ry matrix
A) Schematic of matrices in the developing DG at P2: neuron progenitors
are generated in the 1ry matrix (dark blue), then migrate along the 2ry
matrix (middle blue) and then reach the forming DG in the 3ry matrix
(light blue).
B) Reconstructed images of coronal sections of developing DG at P2 from
Sox9+/+;Sox1Cre/+ controls and Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
mutants, stained for SOX2 (green; i,ii,iii) and TBR2 (blue; iv,v,vi) showing
aberrant distribution of cells in Sox9 mutants. Dashed lines (i, vi) indicate
1ry, 2ry and 3ry matrix areas. White arrows (ii, iii, v, vi) indicated cells
accumulating close to the ventricle in Sox9 mutants (1/2 matrix).
C,D) Quantification of TBR2+SOX2+ early progenitors and TBR2+SOX2intermediate progenitor distribution along the three matrices, as depicted
in Bi.
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Counting of TBR2+SOX2+ early progenitors distribution in 1ry, 2ry and
3ry matrix respectively, as shown in (D): Sox9fl/+;Sox1+/+ (n=3):
34.87±9.53, 107.9±14.3 and 268.9±56.24; Sox9fl/fl;Sox1Cre/+ (n=3):
74.6±14.11, 96.13±15.56 and 138.8±47.23; Sox9fl/fl;Nestin-Cre (n=1)
40.73±7.18, 136.1±16.22 and 147.9±22.25. Counting of TBR2+SOX2intermediate progenitor distribution in in 1ry, 2ry and 3ry matrix
respectively, as shown in (E): Sox9fl/+;Sox1+/+ (n=3): 1.60±0.35, 35.13±5.87
and 110.10±2.61; Sox9fl/fl;Sox1Cre/+ (n=3): 4.87±2.70, 31.73±9.32 and
62.20±12.40; Sox9fl/fl;Nestin-Cre (n=1) 7.40±3.41, 47.93±9.35 and
85.80±16.24.
Error bars indicate standard deviation. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01.

From the previous analysis, it was noticed that many of the cells
comprising the 1/2 matrix were not progenitors as they were negative for
both TBR2 and SOX2 (zoom in Fig. 5.2.7.A). Staining for markers of mature
neurons showed that cells in the 1/2 matrix have locally differentiated into
mature granule neurons, as observed from the expression of Prox1 and
NeuN (Fig. 5.2.7.B and Div-vi respectively). Moreover, these ectopic
granule neurons were not apoptotic, at least at this stage, as they were
negative for activated Caspase 3 staining (Fig. 5.2.7.Div-ix). Nevertheless,
the number of cells forming the 1/2 matrix was slightly reduced in
Sox9fl/fl;Nestin-Cre pups compared to Sox9fl/fl;Sox1Cre/+ mutants, although
this difference was not significant (Fig. 5.2.7.B). Considering this result, it
was speculated that defective neuronal progenitor migration in the
developing DG of Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre pups, could result
in the emergence of the 1/2 matrix. Accordingly, as progenitor migration
is less severely affected in Sox9fl/fl;Nestin-Cre pups, the 1/2 matrix is
smaller compared to Sox9fl/fl;Sox1Cre/+ pups.
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Figure 5.2.7: The 1/2 matrix is composed of locally differentiated
mature granule neurons
A) Higher magnification from the primary matrix region shown in Fig.
28.C, where a minority of cells accumulating close to the DNE are positive
for TBR2 or SOX2, particularly in Sox9fl/fl;Sox1Cre/+ pups. White dashed line
shows lateral ventricle surface. White dashed line and white arrow
indicates 1/2 matrix.
B) Coronal sections of developing DG from P2 Sox9fl/+;Sox1+/+ and
Sox9fl/fl;Sox1Cre/+ pups stained for Prox1 (red) and DAPI (grey), showing
that in Sox9 mutants, cells forming the 1/2 matrix express markers of
mature granule neurons. Dashed line indicates ventricle surface.
C) Quantification of cells in the 1/2 matrix in Sox9fl/fl; Sox1Cre/+ vs.
Sox9fl/fl;Nestin-Cre P2 mutants (as showed by white arrows in A). Summary
of quantification of cells in the 1/2 matrix (average cells per section):
Sox9fl/fl; Sox1Cre/+ (n=3) 46.6±7.92; and Sox9fl/fl;Nestin-Cre (n=3) 32.8±5.71.
Error bars indicate standard deviation. p-value is indicated as: nonsignificant (ns):p>0.05. n: number of samples.
D) Coronal sections of developing DG from P2 Sox9fl/+;Sox1+/+, Sox9fl/fl;
Sox1Cre/+ and Sox9fl/fl;Nestin-Cre pups stained for DAPI (grey), NeuN (red)
and active Caspase 3 (cyan). Cells in the 1/2 matrix (indicated by white
arrows and dashed line) also express NeuN, are not apoptotic. Dashed line
indicates ventricle surface.
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5.2.6

Granule

neuron

distribution,

but

not

differentiation, is compromised in Sox9 mutant
embryos
The emergence of the 1/2 matrix in Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
pups could also result from the precocious differentiation of neuronal
progenitors, which could ultimately affect the number of total granule
neurons generated during DG development. To test this hypothesis, Prox1
staining was used to count the number of differentiated granule neurons
at different stages of DG development (E16.5, E18.5 and P2). Granule
neuron generation was not compromised in the absence of Sox9, because
no difference in the total number of Prox1+ cells was found in either Sox9
mutants compared to controls at all stages analysed (Fig. 5.2.8.A,C).
However, their distribution along the 3 matrices was again affected in P2
Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre pups. Similarly to SOX2+TBR2+
early progenitors (Fig. 5.2.6.C), Prox1+ cell were accumulating in the 1ry
matrix of Sox9fl/fl;Sox1Cre/+ pups and in the 2ry matrix of Sox9fl/fl;Nestin-Cre
pups; they were consequently reduced in the 3ry matrix of both Sox9
mutant pups (Fig. 5.2.8.D). Moreover, because the total number of Prox1+
granule neurons is not affected in Sox9 mutants, the possibility that Sox9
deletion induces a precocious differentiation of DG neuronal progenitors
appeared unlikely, as this would incur in precocious progenitor depletion
and ultimately reduction in final number of granule neurons generated.
In conclusion, these results further suggest that reduction in DG size in
adult Sox9 mutants is cause by failed progenitor and/or granule neuron
migration. Interestingly, Prox1+ cells were never identified close to the
ventricle or within the primary matrix in E16.5 Sox9 mutants, suggesting
granule neuron migration is not affected at earlier stages of DG
development.
The distribution of mature granule neurons between upper and lower
blade of the forming DG appeared altered in E18.5 Sox9 mutants compared
to controls (Fig. 5.2.8.Aiii-v). To quantify this phenotype, granule neuron
location from their migration origin was calculated using distance.gui
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software (method shown in Fig. 5.2.8.E). In Sox9fl/+;Sox1+/+ control
embryos, granule neuron distribution is represented by a line with two
distinct peaks around bin #2-3 and #8 representing the forming DG lower
and the upper blade respectively (black line in Fig. 5.2.8.D). In
Sox9fl/fl;Sox1Cre/+ mutants, granule neuron distribution appeared as a line
with one peak only at bin #2 (representing the lower blade), where,
compared to controls, a significantly higher percentage of Prox1+ cells was
found (blue line in Fig. 5.2.8.D). The second peak (representing the upper
blade) was not distinguishable, in fact a significantly lower percentage of
Prox1+ cells were found in bin #8, compared to controls. This analysis
indicates that, in Sox9fl/fl;Sox1Cre/+ mutant DGs, granule neurons
accumulate in the lower blade. While two peaks were present in
Sox9fl/fl;Nestin-Cre embryos, their distribution appeared skewed toward
more cells in the lower blade (red line in Fig. 5.2.8.D), which is in
agreement with a milder phenotype compared to Sox9fl/fl;Sox1Cre/+
mutants.
Together these data indicate that Sox9 deletion results in the aberrant
distribution of granule neurons and their progenitors between the
primary and tertiary matrix, but also within the forming DG (tertiary
matrix), and they are strongly suggestive of a cell migration defect. In
addition, the phenotype is milder when Sox9 is deleted with Nestin-Cre,
implying that spatial, temporal and/or efficiency differences between the
two Cre drivers in this region are responsible.
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Figure 5.2.8: Granule neuron distribution, rather than
differentiation, is affected in Sox9 mutants during DG development
A) Representative coronal sections of developing DG from E16.5, E18.5
and P2 Sox9+/+;Sox1Cre/+ controls and Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;NestinCre mutants, stained for Prox1. Dashed lines (i-ii, vi-viii) indicate the
lateral ventricle surface and borders of CH/fimbria. White long arrows (iiiv) indicate direction of migration of granule neurons along the 2ry matrix
towards the forming DG, used as a reference for analysis of granule neuron
distribution between upper and lower blade. White short arrows (vii,viii)
indicate granule neurons accumulating in the ½ matrix in Sox9 mutants.
B) Schematic of DG development at E16.5 (applicable for E18.5 as well):
neuron progenitors are generated in the 1ry matrix (dark blue), then
migrate along the 2ry matrix (middle blue) and then reach the forming DG
in the 3ry matrix (light blue).
C) Quantification of the total number of Prox1+ granule neurons, showing
no difference between Sox9+/+;Sox1Cre/+ controls and Sox9fl/fl;Sox1Cre/+ and
Sox9fl/fl;Nestin-Cre mutants. Counting summary of average Prox1+ cells per
section in: Sox9fl/+;Sox1+/+ E16.5 (n=3) 566±49.93, E18.5 (n=3)
2397±348.1 and P2 (n=3) 2895±367.5; Sox9fl/fl;Sox1Cre/+ E16.5 (n=3)
534.3±123.1, E18.5 (n=3) 2084±122.1 and P2 (n=3) 2157±325.4;
Sox9fl/fl;Nestin-Cre E18.5 (n=3) 2039±392.1 and P2 (n=3) 2384±173.3.
D) Quantification of Prox1+ granule neuron distribution along the three
matrices at P2, as depicted in Fig. 28.Ci, showing accumulation of granule
neurons in the 1ry and 2ry matrix of Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;NestinCre respectively, as well as reduction in the 3ry matrix of both mutants.
Counting summary of Prox1+ cells distribution in 1ry, 2ry and 3ry matrix
respectively: Sox9fl/+;Sox1+/+ (n=3) 17.67±14.15, 119.30±66.11 and
2758±297.20; Sox9fl/fl;Sox1Cre/+ (n=3) 111±39.89, 259±25.53 and
1787±266.30; Sox9fl/fl;Nestin-Cre (n=3) 79.33±8.02, 313.3±88.92 and
1991±260.5.
E) Schematic representation of how granule neuron distribution within
the forming DG at E18.5 was analysed. Total area of forming DG (from
migration direction to the furthest granule neuron) was divided in 10
equal bins (red lines), average percentage of Prox1+ cells per bin was
calculated and depicted as a line (F). Cells in bin #1 are closer to the
migration direction (lower blade) compared to cells in bin #10 (upper
blade), as indicated.
F) Quantification of Prox1 granule neuron distribution within the forming
DG at E18.5, using their migration direction as a reference (as shown in
Aiii-v). Counting summary of Prox1+ cell distribution (%) per bin (#1 to
#10 respectively) in: Sox9fl/+;Sox1+/+ (n=3) #1 3.13±1.24, #2 13.57±1.29,
#3 13.90±1.77, #4 12.83±1.32, #5 10.57±0.71, #6 10.13±0.81, #7
11.27±0.80, #8 13.13±0.55, #9 8.77±2.74 and #10 2.73±0.97;
Sox9fl/fl;Sox1Cre/+ (n=3) #1 4.93±1.72, #2 18.40±2.29, #3 16.90±0.70, #4
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13.17±1.44, #5 10.13±0.49, #6 9.17±0.85, #7 8.67±0.55, #8 8.57±0.58, #9
7.20±0.20 and #10 2.83±0.71; Sox9fl/fl;Nestin-Cre (n=3) #1 4.6±2.52, #2
17.03±4.41, #3 16.3±1.66, #4 12.17±0.4, #5 10±1.47, #6 8.97±2.3, #7
8.93±2.05, #8 10.57±2.77, #9 8.3±1.54 and #10 3.1±0.46.
CH: cortical hem; DNE: dentate neuroepithelium; HNE: hippocampal
neuroepithelium; Fimbria corresponding to CH at later stages of
development.
Error bars indicate standard deviation. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01.

Finally, to further test the hypothesis, the emergence of Prox1+ granule
neurons was analysed by injecting EdU at E16.5, and harvesting samples
two days later at E18.5 (Fig. 5.2.9.A). As Prox1+ cells are mature neurons
that have exited the cell cycle, the percentage of Prox1+EdU+ on total
Prox1+ population would indicate the proportion of cells generated at
E16.5. I found no significant difference in the percentage of
Prox1+EdU+/Prox1+ cells in either Sox9 mutants compared to controls,
indicating that Sox9 ablation is not affecting granule neuron emergence
and differentiation at this stage (Fig. 5.2.9.B,C).
These analyses reveal that neuronal progenitor cell cycle exit and granule
neuron differentiation are not affected by Sox9 deletion, and therefore this
does not account for the significant DG size reduction in Sox9 adult
mutants, reinforcing the hypothesis of impaired migration.
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Figure 5.2.9: Granule neuron emergence is unaffected by Sox9
deletion
A) Schematic of EdU birthdating protocol to analyse granule neuron
formation rate: EdU was injected at E16.5, embryos harvested 2 days later
at E18.5.
B) Quantification of the percentage of Prox1+EdU+ on total Prox1+ cell
population showing no difference in granule neuron emergence between
Sox9 mutants and controls. Counting summary of %Prox1+EdU+/Prox1+
in: Sox9fl/+;Sox1+/+ (n=3) 11.49±2.42; Sox9fl/fl; Sox1Cre/+ (n=3) 9.90±0.83 and
Sox9fl/fl; NestinCre/+ (n=3) 9.26±2.36.
C) Representative coronal sections of E18.5 forming DG from
Sox9fl/+;Sox1+/+ controls and Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl; NestinCre/+
mutants stained for Prox1 (cyan) and EdU (purple), quantified in B.
Error bars indicate standard deviation. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05.
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5.2.7 Migration of neuronal progenitors from the DNE
is affected in Sox9 mutants
The previous results indicate that granule neuron formation is affected in
absence of Sox9 because neuronal progenitors are accumulating and
differentiating in the 1ry matrix. This phenotype might be due to either
defective migration or premature differentiation. To further clarify this
phenotype, lineage tracing of granule neuron precursors was performed
by in utero electroporation (IUE) [162]. The pCAG-hyPBase plasmid,
carrying the hyperactive piggyBag transposase, and pPB-CAG-dsRed
plasmid, carrying the dsRed fluorescent protein reporter gene, were coelectroporated in archicortical RGCs at E15.5 (Fig. 5.2.10.A). In the
presence of both plasmids, the transposase mediates genomic insertion of
dsRed, allowing lineage tracing. Embryos were collected 7 days after
surgery (usually corresponding to P2, however birthday was variable) and
processed for immunofluorescence (Fig. 5.2.10.A). Distribution of PROX1+
and dsRed+ cells was quantified in the 3 matrices of developing DG as
previously shown (Fig 5.2.6.Ci and 5.2.8.Bi). These results are preliminary
because so far only one Sox9fl/+;Sox1+/+ P2 control pup and four Sox9fl/fl;
Sox1Cre/+ mutants were analysed (Fig. 5.2.10.B, C). Further experiments are
on-going.
The total number of dsRed+ cells in the three matrices was smaller in Sox9
mutants compared to the control (Fig. 5.2.10.D), which probably results
from less cells being targeted by the electroporation, rather than from a
defect in progenitor expansion, as it has been shown that this is not
affected in Sox9 mutants (Fig. 5.2.4 and 5.2.5). Moreover, around 75% of
them are located in the 3ry matrix in the controls, indicating that the RGCs
electroporated art E15.5 have successfully migrated and reached the 3ry
matrix. On the other hand, in Sox9 mutants, dsRed+ cells are evenly
distributed in the three matrices (Fig. 5.2.10.E), highlighting a migration
defect. PROX1+dsRed+ cells in Sox9 mutants are also slightly accumulating
in the 1ry and 2ry matrix compared to controls (Fig. 5.2.10.G), however
their defective distribution is less severe, compared to total dsRed+ cells
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distribution in Sox9 mutants. On the other hand, almost half of the
electroporated dsRed+ cells in Sox9 mutants are found to express PROX1
as well (Fig. 5.2.10.F), which might suggest a delay in differentiation of
Sox9 mutant granule neuron progenitors. However, this is in contrast with
previous results (Fig. 5.2.7.C), showing no difference in total number of
PROX1+ granule neurons generated in Sox9fl/fl; Sox1Cre/+ mutants
compared to controls.
Taken together, these results suggest granule neuron progenitor
migration is affected in the developing DG of Sox9fl/fl; Sox1Cre/+ mutants.
However, more samples need to be added to confirm this analysis.
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Figure 5.2.10: Analysis of granule neurons migration using in utero
electroporation.
A) Schematic of in utero electroporation protocol to analyse granule
neuron migration in the developing DG: pre-mixed pCAG-hyPBase and
pPB-CAG-dsRed plasmids are injected in the lateral ventricle of E15.5
embryos. Direction of electroporation and targeted cells in the archicortex
are shown in green. Pups are harvested 7 days later at P2.
B, C) Representative coronal sections of P2 forming DG from
Sox9fl/+;Sox1+/+ control (B) and Sox9fl/fl; Sox1Cre/+ mutant (C) stained for
PROX1 (cyan) and dsRed (red); cells distribution is quantified in (D-G).
D, E) Quantification of total dsRed+ cells (D) and their distribution along
the three matrices (E), showing their accumulation in 1ry and 2ry matrix
in Sox9 mutants compared to the control. Counting summary of total
dsRed+ cells (D) in Sox9fl/+;Sox1+/+ (n=1) 253; and Sox9fl/fl; Sox1Cre/+ (n=3)
127.25±39.74; distribution of dsRed+ cells along the three matrices (% of
total dsRed+ cells; E) in: Sox9fl/+;Sox1+/+ (n=1) 1ry matrix 3.16%, 2ry
matrix 22.53% and 3ry matrix 74.31%; and Sox9fl/fl; Sox1Cre/+ (n=3) 1ry
matrix 25.51±10.70%, 2ry matrix 36.08±16.78% and 3ry matrix
38.40±22.01%.
F, G) Quantification of %PROX1+dsRed+/dsRed cells (F) and their
distribution along the three matrices (G), showing their accumulation in
1ry and 2ry matrix in Sox9 mutants compared to the control. Counting
summary of %PROX1+dsRed+/dsRed cells (% of total dsRed cells; F) in
Sox9fl/+;Sox1+/+ (n=1) 44%; and Sox9fl/fl; Sox1Cre/+ (n=3) 27.25±10.90%;
distribution of PROX1+dsRed+ cells along the three matrices (% of total
PROX1+dsRed+ cells; G) in: Sox9fl/+;Sox1+/+ (n=1) 1ry matrix 0%, 2ry
matrix 6.25% and 3ry matrix 93.75%; and Sox9fl/fl; Sox1Cre/+ (n=3) 1ry
matrix 6.58±13.16%, 2ry matrix 19.86±13.90% and 3ry matrix
73.55±23.91%.
Error bars indicate standard deviation. n: number of samples. p-value is
calculated as control sample group is n=1.
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5.2.8 Known factors controlling granule neuron
progenitor migration are not significantly affected in
Sox9 mutants
To explain how absence of SOX9 affects granule neuron migration, such
that their progenitors accumulate in the primary matrix of the developing
DG and fail to reach the tertiary matrix, it is relevant to ask if the
expression of known factors controlling granule neuron migration [218]
(see chapter 5.1.2.2, 3, 4) were affected.
To test whether the Reelin system that is important for CR cells was
affected in Sox9 mutants, Tbr2+ cells migrating in the marginal zone of the
archicortex were quantified at E14.5 (Fig. 5.2.4.Bvii-ix). However, no
difference was found between Sox9 mutants and controls (Fig. 5.2.4.Bviiix and D) indicating that Sox9 ablation is not affecting CR cell specification
and formation. Moreover, Reelin expression did not appear significantly
affected in the archicortex at E14.5 (Fig. 5.2.11.A,B) or the developing DG
at P2 (Fig. 5.2.11.C,D) in either Sox9 mutant compared to controls.
Disrupted migration of granule neurons and their progenitors in the
developing DG of Sox9 mutants is therefore unlikely to be due to defective
CR cell formation or Reelin release.
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Figure 5.2.11: Expression of Reelin is not significantly different in
Sox9 mutants compared to controls
A,C) Schematic representation of Cajal-Retzius (CR) cell migration from
the cortical hem (CH) along the hippocampal surface at E13.5 (A) and P2
(C). Coronal sections of archicortices from E13.5 Sox9fl/+;Sox1+/+ and
Sox9fl/fl; Sox1Cre/+ embryos (B) and developing DG from P2 Sox9fl/+;Sox1+/+,
Sox9+/+;Sox1Cre/+, Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre pups (D), stained
for Reelin (cyan), showing no difference in Reelin expression at both
stages in Sox9 mutants.
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Another protein secreted by CR cells is SDF-1 (Cxcl12), which regulates
neuronal migration because its receptor CXCR4 is expressed by migratory
granule neurons [218]. Both inhibition [231] and upregulation [233] of
CXCR4, during DG development, results in disrupted granule neuron
migration very similar the Sox9 mutant phenotype, with accumulation of
Prox1+ mature granule neurons close to the ventricle. Moreover, SOX9
was shown to bind CXCR4 promoter in cell lines of human pancreatic
carcinoma [235].
To analyse whether CXCR4 expression was affected in Sox9 mutants, qPCR
quantification of Cxcr4 was performed. At E12.5, there was a slight but
insignificant increase of Cxcr4 in the archicortices of Sox9fl/fl;Sox1Cre/+
embryos compared to controls (Fig. 5.2.12.A). A small dysregulation of
Cxcr4 expression is sufficient to disrupt its functionality, as previously
shown [233], therefore further analysis of Cxcr4 or Cxcl12 expression by
ISH to analyse spatial distribution, will be required to clarify this result.
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Figure 5.2.12: Cxcr4 expression is not affected in E12.5 Sox9 mutant
forebrains compared to controls
A) Quantification of Cxcr4 transcript with qPCR from dissected dorsal
telencephalon and archicortex of E12.5 Sox9fl/+;Sox1+/+, Sox9fl/fl; Sox1Cre/+
and Sox9fl/fl;Nestin-Cre embryos. Bars indicate fold change expression
compared to control dorsal telencephalon. Error bars indicate standard
error of the mean (SEM). n: number of samples. p-value is indicated as:
non-significant (ns):p>0.05.
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Because of the similarities between NF1B-/- and Sox9fl/fl;Sox1Cre/+
phenotypes, it was also relevant to analyse whether NF1B expression was
disrupted in Sox9 mutants. There was a slight reduction of NF1B
expression in the archicortices of E11.5 Sox9fl/fl;Sox1Cre/+, but not
Sox9fl/fl;Nestin-Cre embryos (Fig. 5.2.13). However, this appears to be only
transient, as NF1B expression resumed to normal levels by E12.5 (Fig.
5.2.13.B). Quantification of Nfib by qPCR did not reveal any alteration in
mutants (Fig. 5.2.13.C,D), demonstrating that SOX9 is not required for Nfib
expression. However, it may participate in fine-tuning of its regulation.
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Figure 5.2.13: Analysis of NF1B/Nfib expression does not show any
significant difference between Sox9 mutants and controls.
A) Representative coronal sections of forebrains from E11.5
Sox9fl/+;Sox1+/+, Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos stained
for DAPI (grey) and NF1B (cyan). NF1B expression appears decreased in
the archicortices of Sox9fl/fl; Sox1Cre/+ mutants (indicated by dashed line)
compared to Sox9fl/fl;Nestin-Cre or Sox9fl/+;Sox1+/+ embryos.
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B) Representative coronal sections of forebrains from E12.5
Sox9fl/+;Sox1+/+, Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos stained
for NF1B (red) and SOX2 (cyan). The dashed line indicates the border
between dentate neuroepithelium (DNE; SOX2 low) and cortical hem (CH;
SOX2 high). Expression of NF1B is stronger in the DNE compared to the
CH, but is unaffected by Sox9 deletion at this stage.
C,D) Quantification of Nfib transcript by qPCR from dissected E11.5
forebrains (C) and E12.5 dorsal telencephalon and archicortex (D). Bars
indicate fold change expression compared to control forebrain (C) or
control dorsal telencephalon (D). Error bars indicate standard error of the
mean (SEM). n: number of samples. p-value is indicated as: non-significant
(ns):p>0.05.

5.2.9 Analysis of NF1A expression pattern in controls
and SOX9 mutants
The transcription factor Nuclear Factor 1 A (NF1A), closely related to
NF1B, is necessary for the neurogenesis to gliogenesis switch during
spinal cord development [81]. Kang et al., showed that SOX9 directly
induces Nfia expression in this context, however it is not the only factor
responsible for its expression, because after deletion of Sox9, NF1A
expression in progenitors along the spinal cord ventricle is only delayed
by 24 hours. Nevertheless, gliogenesis is affected by this delay [150]. It was
shown above that NF1B expression was not altered in Sox9 mutant
archicortex (Fig. 5.2.13), which could suggest that NF1A has a more
important role for gliogenesis induction during archicortex development.
NF1A expression was first analysed during DG development. At E11.5,
NF1A was already expressed in the upper layer of the dorsal telencephalon
and throughout the whole archicortex (Fig. 5.2.14.Ai). SOX9 was also
expressed in the ventricular progenitors of the dorsal forebrain, apart for
the archicortex (Fig. 5.2.14.Aii). In fact, it only starts to be expressed in this
area from E12.5 (Fig. 5.2.14.Av). This analysis shows that, contrary to what
has been shown in spinal cord development, NF1A expression in the
archicortex precedes that of SOX9. In addition, expression of NF1A colocalizes with Tuj1 in both the dorsal telencephalon and archicortex at
E14.5 (Fig. 5.2.15), indicating NF1A is also expressed by differentiating
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neurons and might play another role in this cell type. Interestingly, the
archicortex represents the only region within the developing forebrain
where NF1A and SOX9 expression overlap in ventricular progenitors at
E12.5 (Fig. 5.2.14.iv-xii). During spinal cord development, SOX9 was
shown to physically interact with NF1A for optimal induction of gliogenic
downstream targets [150], raising the possibility that this may also occur
in the developing archicortex.
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Figure 5.2.14: NF1A induction precedes SOX9 expression in the
developing archicortex where their expression patterns later
overlap
A) Representative coronal sections of developing forebrain, from E11.5 (iiii) and E12.5 (iv-xii) Sox9fl/+;Sox1+/+ control embryos, stained for NF1A
(red) and SOX9 (green). Magnification of DT and ARK at E12.5 (white
dashed squares in (iv)) are shown in (vii-iv) and (x-xii) respectively.
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Cartoons on the right show brain areas analysed in the corresponding
panels. DT = dorsal telencephalon; ARK = archicortex.

A

E14.5 - dorsal
telencephalon

E14.5
archicortex

Figure 5.2.15: NF1A is expressed by differentiating neurons in the
dorsal forebrain.
A) Representative coronal sections of dorsal telencephalon (above) and
archicortex (below), from E14.5 Sox9fl/+;Sox1+/+ control embryos, stained
for NFIA (red) and Tuj1 (cyan), showing strong NF1A expression in the
layers above the ventricular progenitors corresponds to differentiating
neurons. Cartoons on the right show brain areas analysed in the
corresponding panels.
The expression pattern of NFIA did not look affected in the developing
forebrain of Sox9fl/fl;Sox1Cre/+ embryos compared to controls at both E11.5
(Fig. 5.2.16.Ai-iv) and E12.5 (Fig. 5.2.16.Bi-vii). This result was expected
considering that NF1A is expressed before SOX9 in the archicortex. In
contrast, and in agreement with previous studies [150, 151], NF1A
expression appeared reduced in spinal cord ventricular progenitors of
E11.5 Sox9fl/fl;Sox1Cre/+ embryos compared to controls (Fig. 5.2.16.Av-viii).
These results suggest that regulation of NF1A expression in the developing
archicortex relies on different mechanisms than in the developing spinal
cord.
To analyse whether NF1A post-transcriptional regulation was affected in
absence of SOX9, Nfia transcript levels were quantified in E11.5 and E12.5
embryos. Nfia expression was similar in forebrains and spinal cord of
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E11.5 Sox9fl/fl;Sox1Cre/+ mutants compared to Sox9fl/fl;Sox1+/+ control
embryos, however significantly higher compared to E11.5 Sox9+/+;Sox1+/+
embryos (Fig. 5.2.16.C). Transcript quantification results are therefore in
contradiction to immunostainings on the same tissue: NF1A expression in
the spinal cord was reduced in Sox9 mutants compared to controls (Fig.
5.2.16.A), however, Nfia expression is instead increased in Sox9 mutants
compared to Sox9+/+;Sox1+/+ controls (Fig. 5.2.16.C). These results indicate
that, at least in the spinal cord, the relative levels of Nfia transcript do not
match those of NF1A protein and require further analysis.
On the other hand, Nfia quantification in E12.5 dorsal telencephalon and
archicortex did not show any significant differences between
Sox9fl/fl;Sox1Cre/+ mutant and Sox9fl/fl; Sox1+/+ control embryos (Fig.
5.2.16.D). This is in agreement with NF1A protein level showed with
immunostaining (Fig. 5.2.16.B).
In conclusion, contrary to spinal cord development, NF1A expression in
the archicortex is not affected in absence of SOX9 and might therefore rely
on different pathways. However, as gliogenesis is nevertheless affected in
the archicortex of Sox9fl/fl;Sox1Cre/+ embryos, NF1A functionality might still
be compromised in absence of SOX9, as previously described [150].
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Figure 5.2.16: NF1A expression in not affected by SOX9 deletion in the
developing forebrain.
A,B) Representative coronal sections of E11.5 dorsal telencephalon (Aiiv), E11.5 spinal cord (Av-viii) and E12.5 dorsal telencephalon (Bi-vi)
from Sox9fl/+;Sox1+/+ control and Sox9fl/fl; Sox1Cre/+ embryos, stained for
NF1A (red) and SOX9 (green), showing that upon SOX9 deletion, pattern
and timing of NF1A expression is not altered in the forebrain (Aii,iv and
Bi-iv), while it is in the spinal cord (Avi-viii). DT = dorsal telencephalon;
ARK = archicortex.
C) Quantification of Nfia with qPCR analysis from RNA extracted from
E11.5 forebrains and spinal cords of Sox9+/+;Sox1+/+, Sox9fl/fl;Sox1+/+ and
Sox9fl/fl;Sox1Cre/+ embryos. No significant difference was found in Nfia
expression between Sox9fl/fl;Sox1+/+ and Sox9fl/fl;Sox1Cre/+ embryos,
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however both were expressing more Nfia compared to Sox9+/+;Sox1+/+
controls. Error bars indicate SEM.
D) Quantification of Nfia with qPCR analysis from RNA extracted from
separately dissected dorsal telencephalon and archicortex of E12.5
Sox9fl/fl;Sox1+/+ and Sox9fl/fl;Sox1Cre/+ embryos, showing no difference in
Nfia expression in absence of Sox9 at this stage. Error bars indicate SEM.
p-value is indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01;
***:p≤0.001.

5.2.10 The dentate glial scaffold and its progenitors
are reduced in Sox9fl/fl;Sox1Cre/+, but less affected in
Sox9fl/fl;Nestin-Cre embryos.
All of the granule neuron migration factors tested so far appeared
unchanged in Sox9 mutants. However, rather than an intrinsic factor that
might disrupt their migration, disruption of their substrate, provided by
the dentate glial scaffold, could be involved. To test this hypothesis,
expression of ALDH1L1, a marker of astrocytes progenitors, was analysed
in the developing archicortex. A population of ALDH1L1+ cells was
identified and found to be significantly reduced in the archicortex of
Sox9fl/fl; Sox1Cre/+ mutants compared to Sox9+/+;Sox1Cre/+ controls at E13.5
(Fig. 5.2.17.Bi-ii,v-vi and C). This difference was not significant between
Sox9fl/fl;Sox1Cre/+ and Sox9fl/+;Sox1+/+ embryos (Fig. 5.2.17.iii-iv and C),
however this might be due to rapid ALDH1L1+ cell expansion which could
lead to significant differences in population size at different
developmental stages. Interestingly, archicortical ALDH1L1+ astrocytes
are

less

affected

in

Sox9fl/fl;Nestin-Cre embryos

compared

to

Sox9fl/fl;Sox1Cre/+ counterparts (Fig. 5.2.17.vii-viii and C). This result was
confirmed by quantifying Aldh1l1 expression by qPCR, comparing dorsal
telencephalon and archicortices from E12.5 embryos. Aldh1l1 was
significantly reduced in the archicortex of Sox9fl/fl;Sox1Cre/+ embryos
compared to controls, while it was found at normal levels in Sox9fl/fl;NestinCre embryonic archicortices (Fig. 5.2.17.D). Notably, Aldh1l1 reduction
was specific to the archicortex, because Aldh1l1 was generally less
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expressed in the dorsal telencephalon and was not significantly affected in
this region by Sox9 deletion (Fig. 5.2.17.D).
To confirm that formation of ALDH1L1+ cells was not only delayed in Sox9
mutants, the number of ALDH1L1+ cells was examined at later stages,
revealing a further reduction in both E14.5 and E16.5 Sox9 mutant
embryos compared to controls (Fig. 5.2.18.A,B). However, this only
became significant at E16.5, as cell numbers increased (Fig. 5.2.18.A,B).
This indicates that gliogenesis has not recovered in Sox9fl/fl;Sox1Cre/+
embryos at this stage.
In conclusion, the results show that gliogenesis is compromised in the
archicortex of Sox9fl/fl;Sox1Cre/+ embryos, while the defect is milder in
Nestin-Cre mutants. This data therefore suggests that SOX9 regulates
induction of gliogenesis in the archicortex, as previously shown in
different contexts [19, 140, 150], but involving mechanisms molecularly
distinct from those in the spinal cord given the different relationship with
NF1A, and that Cre driver specificities affect this phenotype.
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Figure 5.2.17: ALDH1L1+ cell number in the cortical hem is reduced
in Sox9fl/fl; Sox1Cre/+ embryos, but less so in Sox9fl/fl;Nestin-Cre
embryos.
A) Schematic of the archicortex at E13.5, indicating the localisation of the
astrocytic progenitors of the dentate glial scaffold (red lines). The red
dashed square indicates the area magnified in Bii-viii.
B) Representative coronal sections of forebrains from E13.5
Sox9+/+;Sox1Cre/+, Sox9fl/+;Sox1+/+, Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
embryos stained for ALDH1L1 (cyan). Higher magnification of the
archicortex (white dashed square on the left images) is shown on the right.
LV=lateral ventricle.
C) Quantification of ALDH1L1+ cells per section in the archicortex from
E13.5
Sox9+/+;Sox1Cre/+,
Sox9fl/+;Sox1+/+,
Sox9fl/fl;Sox1Cre/+
and
fl/fl
Sox9 ;Nestin-Cre embryos, showing that ALDH1L1+ cells are significantly
reduced in Sox9fl/fl;Sox1Cre/+ embryos compared to controls. Error bars
indicate standard deviation. Summary of ALDH1L1+ cells counting in:
Sox9+/+;Sox1Cre/+ (n=3) 15.88±2.08; Sox9fl/+;Sox1+/+ (n=3) 14.19±6.70;
Sox9fl/fl;Sox1Cre/+ (n=3) 4.43±3.93; Sox9fl/fl;Nestin-Cre (n=3) 11±2.29.
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D) Quantification of Aldh1l1 by qPCR analysis from dissected dorsal
telencephalon and archicortices of E12.5 Sox9fl/+;Sox1+/+, Sox9fl/fl;Sox1Cre/+
and Sox9fl/fl;Nestin-Cre embryos, showing a significant and specific
reduction of Aldh1l1 in the archicortex of Sox9fl/fl;Sox1Cre/+ embryos.
Error bars indicate standard deviation (C) or standard error of the mean
(SEM; D). n: number of samples. p-value is indicated as: non-significant
(ns):p>0.05; *:p≤0.05; **:p≤0.01.
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Figure 5.2.18: ALDH1L1+ cell numbers do not recover at later
developmental stages in Sox9fl/fl; Sox1Cre/+ embryos.
A) Representative coronal sections of archicortices from E13.5, E14.5 and
E16.5 Sox9fl/+;Sox1+/+ and Sox9fl/fl; Sox1Cre/+ embryos stained for ALDH1L1
(cyan).
B) Quantification of ALDH1L1+ cells per section in the archicortex from
E13.5, E14.5 and E16.5 Sox9fl/+;Sox1+/+ and Sox9fl/fl;Sox1Cre/+ embryos,
showing that ALDH1L1+ cells are significantly reduced in E16.5
Sox9fl/fl;Sox1Cre/+ embryos compared to controls. Summary of ALDH1L1+
cells counting in E13.5, E14.5 and E16.5 samples respectively, in:
Sox9fl/+;Sox1+/+ (n=3) 15.88±2.08, 26.53±7.88 and 34.33±3.22;
Sox9fl/fl;Sox1Cre/+ (n=3) 4.43±3.93, 14.05±8.61 and 13.33±4.16.
Error bars indicate standard deviation. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01.
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Astrocyte markers are often also expressed by radial glial cells (e.g. GFAP).
Despite the fact that ALDH1L1 has been shown to be an early astrocytespecific marker during spinal cord development [242], its expression has
never been characterized in the developing brain. Therefore, it was
important to confirm that the ALDH1L1+ cells being quantified, were not
neuronal, but astrocytic progenitors. Granule neuron progenitors
originate specifically from the dentate neuroepithelium (DNE) [92],
therefore to analyse the identity of ALDH1L1+ cells, their specific location
was determined within the developing archicortex. DNE and the adjacent
cortical hem (CH) can be identified by exclusive expression of specific
markers: Lhx2, Lef1, Pax6 for the DNE and Wnt3a, Wnt2b and Sox2high for
the CH [221, 227, 241] (Fig. 5.2.19.A). LEF1 (DNE marker) and SOX2high
(CH marker) were used to identify the archicortical domain. Their
expression patterns are, as expected, mutually exclusive in the archicortex
at this stage (Fig. 5.2.19.Bi-iv). When combined, ALDH1L1 and Sox2high
staining were clearly overlapping, indicating ALDH1L1+ cells were in the
CH (Fig. 5.2.19.Bv-viii). LEF1 and ALDH1L1 co-staining was not possible
due to the antibodies being generated in the same host (rabbit).
Nevertheless, this analysis confirms that ALDH1L1+ cells are not
positioned in the DNE, and therefore are not neuronal progenitors, but
astrocyte progenitors.

234

Figure 5.2.19: ALDH1L1+ cells are located in the cortical hem
A) Schematic of the archicortex at E13.5, showing how the exclusive
expression patterns of SOX2high and LEF1 can be used to localize the
cortical hem (CH). Red lines symbolize astrocytic progenitors of the
dentate glial scaffold. DNE = dentate neuroepithelium; HNE = hippocampal
neuroepithelium.
B) Coronal section of the archicortex from E13.5 Sox9fl/+;Sox1+/+ control
embryos, stained for: i-iv) SOX2 (red) and LEF1 (cyan) showing CH-DNE
pattern schematised in A. v-viii) SOX2 (red) and ALDH1L1 (green),
showing ALDH1L1+ cells are present in the SOX2high area, which
corresponds to the CH. Higher magnification of the white dashed square in
(i) and (v) is shown in (ii) and (vi) respectively. Separate black and white
staining of SOX2 (iii), LEF1 (iv), SOX2 (vii) and ALDH1L1 (viii) from
original colour images in (ii) and (vi) respectively.
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As ALDH1L1+ cells might therefore be the astrocytic progenitors of the
dentate glial scaffold (Fig. 5.2.19), E18.5 embryos and P2 pups were
stained with GFAP, which at this stage is expressed by mature astrocytes
forming the scaffold as well as by radial glial cells, to ask if the formation
of the scaffold was affected in Sox9 mutants.
As previously highlighted (chapter 3.2.3), GFAP expression was
particularly reduced in the developing DG of Sox9fl/fl;Sox1Cre/+ mutants
compared to controls at E18.5 (Fig. 3.2.9.B). While the GFAP+ dentate glial
scaffold is clearly connecting the DNE to the developing DG in controls (Fig.
5.2.20.Bi-ii, quantified in C), only very few and short GFAP+ fibres were
left in Sox9fl/fl;Sox1Cre/+ mutants at this stage (Fig. 5.2.20.Biii, quantified in
C). The dentate glial scaffold appeared less affected in Sox9fl/fl;Nestin-Cre
embryos compared to Sox9fl/fl;Sox1Cre/+ mutants (Fig. 5.2.20.Biv, quantified
in C ), because there were more GFAP+ fibres and some connected the DNE
to the DG. However, GFAP pixel intensity quantification did not show any
significant differences between controls and either mutants (Fig. 5.2.20.C).
Post-natally however, GFAP expression and dentate glial scaffold
morphology were almost completely recovered, as full length GFAP+
fibres connected the DNE to the developing smaller DG in both Sox9
mutants at P2 (Fig. 5.2.20.Bv-viii, quantified in C). Interestingly, GFAP
intensity was higher and morphology of the dentate glial scaffold was
more complex in Sox9+/+;Sox1Cre/+ compared to Sox9fl/+;Sox1+/+ controls
(Fig. 5.2.20.Bi,v, quantified in C,D). This correlates with the previous
observations regarding ALDH1L1+ cells in the CH (Fig. 5.2.17.B-C).
As the number of neural progenitor was not affected in the developing DG
of both Sox9 mutants compared to controls at E14.5 as well as P2 (Fig.
5.2.4.B.C and 5.2.5.C-E), it is likely that the reduced GFAP expression at
E18.5 does not represent reduction in number of radial glial cells, which
may also express GFAP at this stage.
In conclusion, the dentate glial scaffold is severely affected in E18.5
Sox9fl/fl;Sox1Cre/+ embryos, probably compromising granule neuron and
progenitor migration, however it recovers by P2. Moreover, this structure
is only slightly affected in E18.5 Sox9fl/fl;Nestin-Cre mutants compared to
Sox9fl/fl;Sox1Cre/+ embryos, which correlates with the differences in the
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observed migration phenotype. Because SOX9 might directly control Gfap
transcription together with NF1A [150, 243], expression of GFAP, rather
than actual astrocyte formation, may only be delayed/reduced in Sox9
mutants. However, the degree of ALDH1L1+ cell reduction in E13.5
Sox9fl/fl;Sox1Cre/+ compared to Sox9fl/fl;Nestin-Cre mutants, matches the
reduction of GFAP+ mature astrocytes in these two models at E18.5,
further strengthening the initial hypothesis that ALDH1L1+ cells in the CH
are the astrocyte progenitors of the dentate glial scaffold.
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Figure 5.2.20: The dentate glial scaffold is affected in Sox9 mutants
but recovers by P2.
A) Schematic of developing DG at P2, showing the structure of the dentate
glial scaffold at this stage (red lines). DNE = dentate neuroepithelium; HNE
= hippocampal neuroepithelium; Fimbria = cortical hem at later stage of
development.
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B) Representative coronal sections of developing DG from E18.5 and P2
Sox9+/+;Sox1Cre/+, Sox9fl/+;Sox1+/+, Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
embryos and pups, stained for GFAP (red) showing the structure of the
dentate glial scaffold. GFAP+ fibres normally project from the dentate
neuroepithelium (DNE) and adjacent fimbria along the granule neuron
migration path, towards and through the developing DG. However, these
are completely missing in E18.5 Sox9fl/fl;Sox1Cre/+ mutants (iii) and
partially recovered in E18.5 Sox9fl/fl;Nestin-Cre embryos (iv). The GFAP
dentate glial scaffold appeared recovered at P2 in both Sox9 mutants (vviii). White dashed line indicates lateral ventricle surface.
C,D) Pixel intensity quantification of GFAP staining of E18.5 embryos (C,
from images in Bi-iv) and P2 pups (D, images in Bv-viii). Error bars
indicate standard deviation. n: number of samples. p-value was not
calculated as all groups have less than 3 samples. Summary of GFAP+ pixel
quantification in: Sox9+/+;Sox1Cre/+ E18.5 (n=2) 65828±11126, P2 (n=1)
150008; Sox9fl/+;Sox1+/+ E18.5 (n=2) 14917±4366, P2 (n=2)
107948±46070; Sox9fl/fl;Sox1Cre/+ E18.5 (n=2) 2677±1620, P2 (n=2)
70894±30309; Sox9fl/fl;Nestin-Cre E18.5 (n=3) 7466±4876, P2 (n=3)
70412±16881.

5.2.11 Differential recombination patterns in the
cortical

hem

of

Sox9fl/fl;Sox1Cre/+

compared

to

Sox9fl/fl;Nestin-Cre mutants.
As shown above (chapter 5.2.5-7,10), the failure to induce gliogenesis in
the cortical hem of Sox9fl/fl;Sox1Cre/+ embryos leads to a compromised
dentate glial scaffold, which in turn limits granule neuron migration,
leading ultimately to the reduced DG size and NSC proliferation seen in the
adult mutants.
This hypothesis is strengthened by the fact that Sox9fl/fl;Nestin-Cre mutants
show a less severe adult phenotype, correlating with a less compromised
cell migration and glial scaffold formation. This difference might originate
from different Cre recombination patterns. In fact, while Sox1Cre
expression starts at E8.5 in the neuroepithelium [159], therefore well
before the onset of Sox9 expression, Nestin-Cre expression only begins
around E10.5 in the developing spinal cord [144].
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To compare Sox1Cre and Nestin-Cre recombination patterns, Sox9
expression in Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos was
examined over time with a combination of ISH, immunostaining, and qPCR
quantification. Cre recombination patterns were also examined using the
Rosa26ReYFP allele. Sox9 is completely absent in the forebrain of
Sox9fl/fl;Sox1Cre/+ embryos as early as E11.5 (Fig. 5.2.21.Aiii), however few
scattered cells still expressed Sox9 in the cortical hem of E12.5
Sox9fl/fl;Sox1Cre/+ embryos (Fig. 5.2.21.Aiv and Fig. 5.2.22.Av). In sharp
contrast, a strong Sox9 staining was still present in the dorsal forebrain
and archicortex of Sox9fl/fl;Nestin-Cre embryos at E11.5 (Fig. 5.2.21.Av). By
E12.5, Nestin-Cre lead to efficient recombination in the whole dorsal
telencephalon, and most of the archicortex (Fig. 5.2.21.Avi). However, Sox9
was still expressed in the most ventral part of the archicortex, probably
representing the cortical hem (Fig. 5.2.21.Avi and Fig. 5.2.22.Avii-ix). At
E13.5, some cells in the cortical hem were still expressing SOX9 in
Sox9fl/fl;Nestin-Cre embryos (Fig. 5.2.22.Bvii-ix). Delayed Nestin-Cre
recombination in the archicortex was confirmed with Sox9 quantification
by qPCR from dissected archicortex and dorsal telencephalon of E12.5
embryos, as residual amounts of transcripts were amplified compared to
none in Sox9fl/fl;Sox1Cre/+ mutants (Fig. 5.2.21.B). The qPCR data suggested
similar amounts of Sox9 in both the dorsal telencephalon and archicortex
of E12.5 Sox9fl/fl;Nestin-Cre embryos, although this does not reflect Sox9
expression observed with ISH staining at the same stage. In fact, no
residual Sox9 expression is observed in the DT of E12.5 Sox9fl/fl;Nestin-Cre
embryos via ISH (Fig. 5.2.21.Avi), however the qPCR might be more
sensitive than ISH. In conclusion, these results demonstrate that Sox1Cre
and Nestin-Cre have different recombination patterns. In fact, in the
cortical hem of Sox9fl/fl;Nestin-Cre embryos, Sox9 is expressed at least 48h
longer compared to Sox9fl/fl;Sox1Cre/+ ones, which may allow for a stronger
gliogenic induction in this area. This difference may well define a precise
spatio-temporal window of SOX9 expression in the DNE/CH that underlies
the severity of the DG phenotype.
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Figure 5.2.21: Nestin-Cre recombination is delayed in the embryonic
dorsal forebrain compared to that given by Sox1Cre
A) Representative coronal sections of developing forebrains from E11.5
and E12.5 Sox9fl/+;Sox1+/+, Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
embryos, stained by ISH for Sox9. Sox9 is expressed all along the ventricle
in control samples (i,ii). Sox1Cre allows a complete deletion of Sox9 in the
whole developing forebrain (iii, iv) apart from few cells in the CH (black
arrow in iv). Nestin-Cre instead is active only in the ventral forebrain at
E11.5 (v) and the CH is still not recombined by E12.5 (black arrow in v, vi).
B) Quantification of Sox9 by qPCR analysis from dissected DT and ARK of
E12.5 Sox9fl/+;Sox1+/+, Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos,
showing residual Sox9 expression in both areas of Sox9fl/fl;Nestin-Cre
embryos. Error bars indicate SEM. n: number of samples. p-value is
indicated as: non-significant (ns):p>0.05; *:p≤0.05; **:p≤0.01; ***:p≤0.001;
****:p≤0.0001. DT = dorsal telencephalon; ARK = archicortex; CH = cortical
hem
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Figure 5.2.22: Residual expression of SOX9 in the cortical hem of Sox9
mutant embryos
A,B) Representative coronal sections of cortical hem from E12.5 (A) and
E13.5 (B) Sox9fl/+;Sox1+/+, Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
embryos, stained for SOX9 (red) and YFP (green). YFP is expressed upon
Cre recombination (Rosa26ReYFP strain). Sox1Cre provides a complete
deletion of SOX9 in the whole archicortex (Aiv-vi and Biv-vi), apart from
few cells in the cortical hem (Av), while Nestin-Cre driven recombination
happens later in the cortical hem, where many cells are still expressing
SOX9 at E13.5 (Avii-ix and Bvii-ix).

Finally, to characterise the cells that were still expressing SOX9 in the
cortical hem of Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos, these
were co-stained for SOX9 and ALDH1L1. Interestingly, in both Sox9
mutants, some, but not all of the cells still expressing SOX9 in the cortical
hem were ALDH1L1+ (Fig. 5.2.23). These results suggest that some cells
escape Cre recombination in the cortical hem and that residual SOX9
expression, either permanent or temporary, might allow for some
induction of gliogenesis. Because in the cortical hem of Sox9fl/fl;Nestin-Cre
embryos more cells escape Sox9 deletion, or escape Sox9 deletion for
longer, a more sustained period of gliogenesis induction is possible,
underlying the less severe phenotype.
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Figure 5.2.23: SOX9+ cells in the cortical hem of Sox9fl/fl; Sox1Cre/+ and
Sox9fl/fl;Nestin-Cre embryos are astrocyte progenitors
A) Representative coronal sections of cortical hem from E13.5
Sox9fl/+;Sox1+/+, Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos, stained
for SOX9 (red) and ALDH1L1 (cyan). White arrows point to cells in the
cortical hem of Sox9fl/fl; Sox1Cre/+ and Sox9fl/fl;Nestin-Cre embryos that are
SOX9+; ALDH1L1+, therefore, cells that have escaped Cre recombination,
while some SOX9-; ALDH1L1+ were also observed (yellow arrows).
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5.3 Discussion
The adult DG of Sox9 mutants is smaller compared to controls, and DG
NSCs numbers and proliferative rate are reduced. Moreover, adult DG was
less affected in Sox9fl/fl;Nestin-Cre compared to Sox9fl/fl;Sox1Cre/+. DG
development was therefore analysed to identify the defect underlying this
phenotype. More precisely, proliferation, differentiation and migration of
DG granule neuron progenitors were investigated.

5.3.1 Early SOX9 deletion might affect granule neuron
progenitor expansion rather than differentiation
The total number of early SOX2+TBR2+ granule neuron progenitors as
well as PROX1+ differentiating granule neurons is not significantly
affected in either Sox9fl/fl;Sox1Cre/+ or Sox9fl/fl;Nestin-Cre E14.5, E16.5, E18.5
embryos (Fig. 5.2.4 and 5.2.8) and P2 pups (Fig. 5.2.5) compared to
controls. Proliferation rate of RGCs facing the ventricle in the DNE at E14.5
(Fig. 5.2.4) analysed via expression of the proliferative marker pH3, as well
as formation rates of early SOX2+TBR2+ and late SOX2-TBR2+ granule
neurons progenitors (Fig. 5.2.5) and PROX1+ differentiating granule
neurons (Fig. 5.2.9), analysed with a 72h and 48h pulse-chase of EdU
respectively, are also not significantly compromised by deletion of Sox9
using either Sox1Cre or Nestin-Cre. It should however be noted that the
average total number of progenitors as well as their formation rate are
slightly, but insignificantly reduced in both Sox9 mutants compared to
control (5.2.5). More samples are needed to ascertain this tendency which
may reveal a slight effect of Sox9 deletion on progenitor maintenance and
could play a part in the post-natal phenotype.
In contrast, late SOX2-TBR2+ granule neurons progenitors are found to be
significantly reduced in Sox9fl/fl;Sox1Cre/+ P2 pups compared to both
controls and Sox9fl/fl;Nestin-Cre mutants (Fig. 5.2.5.E). At this stage, there
is only a slight insignificant reduction in PROX1+ granule neurons (Fig.
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5.2.8). However, further analyses are needed to clarify the impact of late
SOX2-TBR2+ granule neurons progenitor number reduction on the final
adult DG phenotype in Sox9fl/fl;Sox1Cre/+. For example, analysing this same
population at later stages of DG development to verify if their number is
further reducing with time.
Therefore, slight reduction in progenitor formation/proliferation might
recapitulate the previously known effects of SOX9 on regulating RGCs
formation and proliferation, as a downstream target of both SHH [19] and
Notch [140]. In addition, reduction in late SOX2-TBR2+ progenitor
formation is not observed in Sox9fl/fl;Nestin-Cre mutants (Fig. 5.2.5), which
might be due to the delayed Sox9 deletion in the DNE (Fig. 5.2.21,22). This
observation suggests that early SOX9 expression in the DNE RGCs is
sufficient and necessary to control their expansion.
On the other hand, reduction in the number of TBR2+ cells might be due
to reduction in Tbr2 expression instead, therefore reflecting a delay in
progenitor differentiation in absence of SOX9. Tbr2 expression is known
to be promoted by differentiation inducing pathways such as Wnt. Because
Tbr2 expression is controlled by NGN2 and TBR2 later induces NeuroD1,
analysis of both marker expression might be useful to verify this
hypothesis. However, the number of PROX1+ cells, the expression of which
is induced by NeuroD1, is not compromised in Sox9 mutants (Fig. 5.2.8),
therefore indicating that indeed granule neuron differentiation is not
affected in absence of SOX9.
All together, these results indicate that deletion of Sox9 does not have an
effect on granule neuron progenitor differentiation, while it might cause a
defect in their expansion.

5.3.2 SOX9 deletion compromises granule neuron
progenitor migration during DG development
While formation and differentiation of granule neuron and their
progenitor may only be slightly affected by Sox9 deletion, their
distribution along the 1ry, 2ry and 3ry matrix of the developing DG is more

245

significantly compromised. In fact, early SOX2+TBR2+ progenitors are
accumulating in the 1ry or 2ry matrix, in Sox9fl/fl;Sox1Cre/+ and
Sox9fl/fl;Nestin-Cre mutants respectively. As a consequence, the 3ry matrix
is significantly depleted of these cells in both Sox9 mutants compared to
control (Fig. 5.2.6.C). The differential distribution of early SOX2+TBR2+
progenitors therefore suggests a migration defect.
On the other hand, accumulation of late SOX2-TBR2+ progenitors is not
observed in the primary matrix of mutants. Small numbers of SOX2-TBR2+
progenitors are found in the 1ry and 2ry matrix in general, in both controls
and mutants, compared to the early SOX2+TBR2+ ones, and their amount
in both these areas does not change in both Sox9 mutants compared to
controls (Fig. 5.2.6.D). However, significantly less SOX2-TBR2+
progenitors are found in the Sox9fl/fl;Sox1Cre/+ mutants’ 3ry matrix (Fig.
5.2.6.D). Therefore, the distribution of late SOX2-TBR2+ progenitor along
the 3 matrices is not affected in Sox9fl/fl;Sox1Cre/+ mutants, as only their 3ry
matrix is missing this cell type compared to controls. Therefore, this
phenotype might in part reflect the aberrant distribution of early
progenitors (Fig. 5.2.6.C), from which the late ones originate from, as well
as in part be due to the reduction in total number of late SOX2-TBR2+
progenitors found in Sox9fl/fl;Sox1Cre/+ mutants compared to controls (Fig.
5.2.5). Interestingly, 3ry matrix late SOX2-TBR2+ progenitors are only
partially affected in Sox9fl/fl;Nestin-Cre mutants as their reduction is not
significant compared to controls (Fig. 5.2.6.D), which again might reflect in
parallel a less affected migration of early progenitors as well as a not
compromised formation of late progenitors.
PROX1+ differentiating granule neurons are also found to populate
preferentially the 1ry and 2ry matrix, rather than the 3ry matrix, in both
Sox9 mutants compared to controls (Fig. 5.2.8.A,D), further confirming a
migration defect due to absence of SOX9. In particular, less PROX1+ cells
are found to accumulate in the 1ry matrix of Sox9fl/fl;Nestin-Cre compared
to Sox9fl/fl;Sox1Cre/+ mutants.
Post-natally, defective granule neuron progenitor migration in Sox9
mutants culminates in accumulation of cells close to the ventricle at P2, in
the so called 1/2 matrix, where are also ectopically expressed markers of
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maturing neurons such as PROX1 and NeuN (Fig. 5.2.7). Appearance of the
1/2 matrix might also be due to precocious progenitor differentiation. In
fact, SOX9 is a downstream target of both Notch and SHH pathways, which
are known to induce stem cell maintenance and delay their differentiation.
Indeed, inhibition of Notch pathway causes stem cell exit from cell cycle
and premature differentiation in the adult DG [244]. Therefore, a similar
mechanism might control RGCs maintenance in the DNE.
Several observations do not however fit with the hypothesis of a
precocious differentiation. In particular, significant accumulation of cells
in the 1/2 matrix is only observed from P2, while at earlier stages only
very few PROX1+ cells can be found in the DNE of Sox9fl/fl;Sox1Cre/+ mutants
(Fig. 5.2.8.Avi). Moreover, precocious progenitor exit from cell cycle and
differentiation would also affect their expansion ultimately causing a
reduction in total number of differentiating granule neuron generated,
which is not observed in either of Sox9 mutants until P2 (Fig. 5.2.8.C).
Finally, as mentioned before, no differences are found in the rate of
formation of both early and late progenitor as well as differentiating
granule neurons, indicating that their emergence is not affected.
All together these observations lead to the conclusion that granule neuron
migration from 1ry to 3ry matrix, rather than formation or differentiation,
is mostly affected by absence of SOX9. Preliminary data from analysis of
granule neurons migration using in utero electroporation (Fig. 5.2.10), are
in agreement with this hypothesis.

5.3.3 SOX9 deletion compromises granule neuron
progenitor migration via reduction of glial scaffold
Granule neurons and their progenitor migration is affected, not only from
1ry to 3ry matrix (Fig. 5.2.6.C, D and 5.2.8.D), but also within the 3ry matrix
(Fig. 5.2.8.F). Both types of migration are controlled by molecular cues
(Reelin and CXCR4/SDF1), cell intrinsic re-organisation of the
cytoskeleton (microtubules, actin and associated proteins) as well as a
glial scaffold, that have therefore been assessed.
247

A previous study showed that in adult reeler mice (common name for
Reelin-/- mice models) the DG is less compacted and not properly layered
[112]. In adult Sox9 mutant instead, the DG is smaller but compacted and
layered properly (Fig. 3.2.13.B), suggesting that this phenotype might not
be due to a compromised CR cells-Reelin controlled migration. Moreover,
Reelin release (Fig. 5.2.11) as well as CR cells formation (Fig. 5.2.4.B,C) are
not apparently affected in either Sox9 mutants. Therefore, the hypothesis
of a defective granule neuron migration in Sox9 mutants, due to impaired
CR-cells/Reelin system, was not pursued further. However, further
quantification of specific CR-cells markers (e.g. p73) might be necessary to
confirm this hypothesis.
Cyclin-dependent Kinase 5 (Cdk5) [245], doublecortin (DCX) [109] and
Lis1 [230] are also involved in dentate granule neuron migration,
controlling cytoskeletal remodelling (Cdk5) or microtubule interaction
(DCX and Lis1). However, they are mainly controlling lamination of the DG
and cornus ammonis, and the phenotypes resulting from Cdk5, DCX and
Lis1 mutations do not recapitulate Sox9 mutant adult DG, suggesting that
these molecules are not involved. These factors were therefore excluded
from analysis.
CR-cells are also a source of SDF1 (CXCL12) which is controlling granule
neuron migration in this context as they express its receptor CXCR4. Cxcr4
expression appeared to be slightly increased in Sox9fl/fl;Sox1Cre/+ dissected
ARK, while at control levels in Sox9fl/fl;Nestin-Cre mutants, however these
differences are not significant (Fig. 5.2.12). Interestingly, both an increase
or decrease of CXCR4 expression can affect granule neuron migration,
leading to a phenotype extremely similar to that observed in Sox9 mutants,
namely accumulation of PROX1+ cells close to the ventricle [231, 233]. In
particular, only a 25% increase of Cxcr4 expression, which is similar to the
one observed in Sox9fl/fl;Sox1Cre/+ ARK, is sufficient to affect granule
neurons migration [233]. Moreover, SOX9 has been shown to directly bind
and activate Cxcr4 promoter in an in vitro model of pancreatic tumour
[235]. This interaction could be conserved during DG development.
Therefore, further analyses are needed to better quantify Cxcr4 and Cxcl12
expression both via qPCR and ISH.
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Finally, the glial scaffold is also supporting migration of granule neurons
during DG development, from 1ry to 3ry matrix, and it has been proposed
to have a dual origin. Indeed, it has been proposed to be formed both from
prolongations of RGCs residing in the DNE, and by astrocytes progenitors
originating from the CH [179].
Interestingly, in this work, the GFAP+ glial scaffold also appears to
originate from both the DNE and the CH, as it was previously proposed
[179]. It is significantly affected in E18.5 Sox9fl/fl;Sox1Cre/+ embryos, but less
affected in Sox9fl/fl;Nestin-Cre mutants (Fig. 5.2.20). Correlating with this
defect, ADLH1L1+ astrocyte progenitors residing in the CH (Fig. 5.2.19)
are also significantly reduced in Sox9fl/fl;Sox1Cre/+, but less affected in
Sox9fl/fl;Nestin-Cre

mutants

(Fig.

5.2.17,18).

ADLH1L1+

astrocyte

progenitors might therefore give rise, at least in part, to the glial scaffold
originating from the CH. Considering the role of SOX9 for the RGCs neuroto-glia switch during neurodevelopment [19, 144, 150], this phenotype
might indicate that SOX9 is necessary for induction of astrocyte
progenitors specifically residing in the CH, therefore indirectly controlling
granule neuron progenitor migration.
GFAP expression has been shown to be controlled by SOX9 that both
induces and interacts with NFIA, which in turn directly induces Gfap
expression [150]. Therefore, the reduction in GFAP+ glial scaffold might
only reflect a delay in Gfap expression, rather than a reduction in
astrocytes forming the scaffold. However, ALDH1L1+ cells are significantly
reduced, indicating that indeed gliogenesis is affected by absence of SOX9
in this region. Analysis of additional astrocytic markers will clarify this
aspect. Importantly, considering SOX9 previously described function in
induction and maintenance of NSCs [19, 140], reduction in both ALDH1L1
and GFPA+ astrocytic cell types could also be interpreted as failed
expansion. Therefore, proliferation rate of ALDH1L1+ cells should be
assessed to clarify this phenotype.
NF1B expression, which has previously been implicated in controlling
formation of the glial scaffold in the developing DG [179], was not
significantly affected in the developing archicortex of Sox9 mutants (Fig.
5.2.13). However, during spinal cord development, NF1A, a closely related
249

NF1B transcription factor, has been shown to interact with SOX9 for
optimal induction of gliogenesis [150]. Therefore, even if NF1A/B
expression is not affected, their functionality could be reduced in absence
of SOX9, compromising gliogenesis induction and therefore dentate glial
scaffold formation.
The GFAP+ glial scaffold is also supporting granule neuron migration
within the 3ry matrix, which is necessary for their proper distribution
along the upper and lower blade of the DG. Accordingly, granule neuron
migration within the 3ry matrix is also affected in Sox9 mutants, as more
PROX1+ cells accumulating in the lower blade, rather than the upper blade
(Fig. 5.2.8.A,E,F). However, the glial scaffold controlling this second type of
migration has been recently proposed to be formed by a local population
of progenitors that have migrated from the 1ry to the 3ry matrix [228].
Therefore, defective granule neuron progenitors between upper and
lower blade in Sox9 mutants might also reflect the initial inability of
progenitors to migrate towards the 3ry matrix.
Interestingly, the GFAP+ glial scaffold appears to recover between E18.5
and P2 in both Sox9 mutants (Fig. 5.2.20), analysis of granule neuron
progenitor migration after P2 might be useful to clarify whether glial
scaffold recovery has a functional effect on cell migration.
In conclusion, granule neuron progenitor migration is affected early postnatally in absence of Sox9. This might indicate that early progenitor
migration (E14.5 to E18.5) is initially normal in this model, as it relies on
CXCR4/SDF1 and CR cells/Reelin systems which do not appear to be
compromised in absence of SOX9. Conversely, at later stages (E18.5
onwards), as the overall tissue expands and the distance between the DNE
and the developing DG increases, the glial scaffold support becomes more
important in sustaining granule neuron progenitor migration. Therefore,
as this structure is missing in Sox9 mutants, the phenotype becomes
evident only from this stage.
To further analyse the role of Sox9 in glial scaffold formation, in particular
to dissect out its role in induction of astrocytes specifically in the CH, Sox9
should be deleted specifically in this region. To do so, a CH-specific Credriver was identified (Wnt3aCre [53]) and Sox9fl/fl;Wnt3aCre/+ mutants are
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currently being generated. This new mouse colony will be analysed for
presence and integrity of the glial scaffold as well as granule neuron and
progenitor distribution along the 3 matrices of the developing DG, upon
confirmation of correct Sox9 deletion.

5.3.4

Differences

in

Sox1-

and

Nestin-CRE

recombination patterns underline the differences in
DG phenotypes
All aspects of developmental DG phenotype analysed here appeared to be
less severe in Sox9fl/fl;Nestin-Cre embryos and pups compared to
Sox9fl/fl;Sox1Cre/+ mutants. The distribution of early SOX2+TBR2+
progenitors and PROX1+ granule neurons was less disrupted, the number
of late SOX2-TBR2+ progenitors more similar to controls, ALDH1L1+
astrocytes in the CH at E13.5 as well as GFAP+ glial scaffold at E18.5 were
only mildly reduced and Cxcr4 expression level comparable to controls. As
a consequence of DG developing more normally, the adult Sox9fl/fl;NestinCre phenotype of the few surviving mutants is also less severe than in
Sox9fl/fl;Sox1Cre/+ animals (Fig. 5.2.1).
Analysis of Sox1Cre and Nestin-Cre recombination pattern in the ARK
confirmed that partially rescued DG development is likely to be explained
by a delayed Sox9 deletion in the ARK (Fig. 5.2.21, 22). Nestin-Cre is indeed
not active in the CH, at least until E13.5, allowing expression of Sox9 in this
region in Sox9fl/fl;Nestin-Cre embryos, which may therefore allow
ALDH1L1+ astrocytes differentiation and formation of a more robust
GFAP+ glial scaffold. More specifically, it appears that only the few cells
escaping Sox9 deletion in the CH, or escaping it for longer, in either
mutants, do manage to differentiate into ALDH1L1+ astrocytes, further
indicating the fundamental role of SOX9 in inducing glial differentiation
(Fig. 5.2.23). Additional analyses are needed to clarify whether NestinCre is
then active across the whole CH later during development.
Sox9 deletion is also delayed in the DNE, in Sox9fl/fl;Nestin-Cre compared to
Sox9fl/fl;Sox1Cre/+ mutants. SOX9 is not up-regulated before E12.5 in this
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region (Fig. 5.2.14.Ai-iii), and Nestin-Cre leads to complete recombination
in the DNE from E13.5 (Fig. 5.2.22). Therefore, SOX9 is expressed for 24
hours in the DNE of Sox9fl/fl;Nestin-Cre mutants before being deleted. The
unaffected number of late SOX2-TBR2+ progenitors at P2 (Fig. 5.2.5.E) as
well as less affected proliferation of adult NSCs of the DG SGZ (Fig. 5.2.1)
might reflect this transient expression of SOX9 in RGCs progenitors of the
DNE. Moreover, granule neuron progenitor migration as well as GFAP+
glial scaffold in Sox9fl/fl;Nestin-Cre embryos are anyway partially affected
compared to controls. On the other hand, the glial scaffold originating from
the CH is unaffected in Sox9fl/fl;Nestin-Cre embryos. Therefore, this indicate
that partially defective formation of RGCs in this model, might also affect
progenitor migration.
In conclusion, these results suggest that the difference between
Sox9fl/fl;Sox1Cre/+

and

Sox9fl/fl;Nestin-Cre

mutants

result

from

a

combinational effect of Sox9 ablation in both DNE and CH, where it
controls progenitor formation and migration respectively. However, as
lacking/delayed Nestin-Cre recombination in the CH results in a less
disrupted DG, it further implies that granule neurons migration defect in
Sox9fl/fl;Sox1Cre/+ is due to a lack of glial scaffold originating from the CH.
Analysis of the Sox9fl/fl;Wnt3aCre/+ will help clarifying the different roles of
Sox9 in DNE and CH.
Finally, to better understand how the differential deletion of Sox9 in
Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre mutants leads to more or less
affected DG development, a bulk RNAseq analysis of dissected E13.5 ARK
was performed from these animal models, together with their controls.
The results are discussed in the following result chapter.
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Figure 5.3.1 Summary of DG defective phenotype observed in
Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre mutants correlated to the
different Cre recombination patterns in the developing ARK.
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5.3.5 SOX9/NF1A/B axis in cortical hem gliogenesis
NF1A/B have previously been shown to contribute to formation of the glial
scaffold and their deletion results in disrupted DG development [71, 179].
During spinal cord development, SOX9 has been shown to directly control
NF1A expression [150], however NF1A expression is only delayed of 24
hours in absence of SOX9 because other transcription factors are involved
in its regulation, such as BRN2 [151]. During ARK development,
expression of both NF1A and NF1B starts before SOX9 and it is not affected
in Sox9 mutants (Fig 5.2.13, 14, and 16). NF1A/B expression might
therefore be controlled by other pathways in this context, such as Wnt
[225] or Notch [49].
Gliogenesis is however affected in the ARK of Sox9 mutants, indicating that
despite NF1A/B timing and pattern of expression not being perturbed in
absence of SOX9, their downstream target genes might be. In fact, during
spinal cord development, SOX9 not only induces expression of NF1A but
both then interact for optimal induction of downstream targets, such as
Glast and Gfap [150].
In conclusion, during DG development, NF1A/B expression are not
affected by absence of SOX9, however their functionality might be
compromised due to lack of interaction with SOX9, ultimately
delaying/reducing astrocytes differentiation.

5.3.6 NSCs proliferation is affected in the adult DG of
both Sox9 mutants
The analysis of DG development described so far, as well as the
comparison between Sox1Cre and Nestin-Cre conditional deletion of Sox9,
lead to the conclusion that reduced DG size is most probably caused by
compromised migration of granule neuron progenitors from the DNE,
where they are generated, to the forming DG, which consequently is
smaller. In the adult, numbers and proliferation rate of NSCs in the SGZ
are reduced in Sox9fl/fl;Sox1Cre/+ adult mutants (Fig. 5.2.1). Interestingly,
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this phenotype is less severe in Sox9fl/fl;Nestin-Cre mutants. The reduction
of adult NSCs in Sox9 mutants may be consequent to the embryonic
migration impairment, or caused by an additional defect, such as affected
progenitor expansion/transition to quiescence.
In contrast with SVZ NSCs [86], adult DG NSCs are not set aside during
embryonic development. Instead, embryonic granule neuron progenitors
are gradually progressing from generation of granule neurons of the DG
proper, to quiescence [87]. Therefore, in Sox9 mutants, reduced granule
neuron progenitor migration might also lead to a reduced pool of
quiescent NSCs that have reached the DG. On the other hand, DG
embryonic progenitor induction and maintenance are controlled by both
SHH [89, 210] and Notch [71] pathways and SOX9, a target of both
pathways, is an important mediator of their function [19, 140]. Therefore,
in its absence, DG embryonic progenitor might fail to reach quiescence,
differentiate precociously or fail to expand ultimately leading to their
reduction in the adult DG.
Comparison between Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre adult
mutants further complicates interpretation of this phenotype. In fact, in
Sox9fl/fl;Nestin-Cre adults, the number of both NSCs and IPs in the SGZ are
as reduced as in Sox9fl/fl;Sox1Cre/+ animals (Fig. 5.2.1.C), indicating that
their migration is similarly affected in both models, which is in contrast
with the previous interpretation of the results. On the other hand, their
mitotic activity is higher when Sox9 is deleted with Nestin-Cre (Fig.
5.2.1.D). In Sox9fl/fl;Nestin-Cre mutant embryos, Sox9 is expressed in the
DNE for 24 hours. This transient expression might therefore be sufficient
to induce a longer stem cell maintenance. Accordingly, two separate
studies found enrichment of Sox9 expression in SGZ and SVZ quiescent
adult NSCs [146, 211]. Nevertheless, as only two adult Sox9fl/fl;Nestin-Cre
mutants were analysed due to their limited survival, discussion of results
in this case are highly speculative.
Indeed, SOX9 might have a role in maintenance of adult NSCs of the SGZ,
as it has been previously suggested [146, 211]. This hypothesis could be
confirmed performing Sox9 deletion in adult NSCs, per example employing
an inducible Sox2-driven Cre mouse line crossed with Sox9fl/fl.
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Finally, adult neurogenesis is fundamental for exerting DG role in memory
formation [95]. Therefore, behavioural tests were performed. Results
from novel object recognition test (NORT; Fig. 5.2.2) are extremely
variable and were statistically significant for Sox9fl/+;Sox1+/+ control mice,
but not for the Sox9+/+;Sox1Cre/+ control group. This is likely due to a smaller
sample size compared to the other two sample groups, while other
technical issues might explain the variability, such as the type of objects
used which might have been too similar with each other to allow
identification. Nevertheless, Sox9fl/fl;Sox1Cre/+ mutants clearly showed
defects in memory formation ability, and this correlates with a reduction
in SGZ NSCs proliferation. This result is important because it suggests that
the reduced NSCs activity observed in Sox9 mutants DG has functional
consequences. However, this result might also be due to a general
underperforming DG due its smaller size and/or lack of support from
astrocytes.
Moreover, defective memory formation ability in Sox9 mutants is not
caused by anxiety-related reduction of arena exploration during the test
(Fig. 5.2.3), which might also be due to reduced SGZ neurogenesis [239].
Although, intense illumination is normally used in the open field test for
inducing anxiety-like behaviour in mice, which was missing in our set-up.
Therefore, this result cannot be used as a read out of anxiety behaviour per
se, but only to assess arena exploration.
DG adult neurogenesis is also and mostly involved in spatial navigation
and pattern separation, therefore additional and more DG specific
behavioural tests should be performed, such as Morris water maze [95] or
fear conditioning, to better characterise the functional consequences of
Sox9 absence during DG development.
Finally, actual generation of new neurons has not been assessed in this
analysis where Cre based genetic lineage tracing is not possible. Analysis
of newly generated mature granule neurons in the DG of Sox9fl/fl;Sox1Cre/+
and control mice might therefore shed light on this aspect. This
experiment could be done for example with an EdU birth-dating
experiment.
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Chapter 6.
Identification of genes and pathways
controlled by SOX9 and involved in
dentate gyrus development
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6.1 Introduction
6.1.1 Granule neuron progenitor proliferation and
differentiation during DG development
6.1.1.1 Wnt, ERK1/2, BMP and SHH pathways control
progenitor expansion
During dentate gyrus (DG) development, several pathways are involved in
the amplification of the granule neuron progenitor pool, such as Wnt,
ERK1/2 and SHH [54, 210, 246], and these are also involved in controlling
adult DG NSCs. For example, deletion of Lrp6, the co-receptor for the
canonical Wnt pathway, or Lef1, its downstream effector of Wnt pathway,
results in a drastic reduction in the number PROX1+ granule neurons in
the developing DG [54]. A similar effect is observed after downregulation
of the SHH pathway, as a consequence of conditional Sox2 deletion with
Nestin-Cre [210]. Moreover, Wnt3a, a cortical hem (CH)-specific Wnt
pathway member, was downregulated in Sox2 mutants [210] indicating
that SOX2 and SHH might also control CH formation. Interestingly, both
Wnt and SHH pathways have different roles in telencephalon
development: early deletion (E8-E10) of WNT/SHH signalling affects brain
patterning, while later deletion (E12) affects neuronal progenitor
proliferation only [247-249]. This shows that early or late deletion of
either of these pathways would result in different phenotypes. This is
particularly relevant when analysing the phenotype of Sox9 deletion using
Sox1Cre or Nestin-Cre.
In addition, SHH, released from an extra cortical source, is also involved in
specification of adult neural stem cells (NSCs) of the sub granular zone
(SGZ), which originate from the ventral developing hippocampus [89].
Deletion of both ERK1 and ERK2 proteins lead to a decrease in the number
of TBR2+ progenitors at E18.5 as well as in the number and generation
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rate of PROX1+ granule neurons [246] demonstrating that the ERK1/2
pathway is important for progenitor expansion in this context.
After CH establishment, BMP signalling appears to be dispensable for
progenitor proliferation [220]. Instead, it is required to induce expression
of Lhx2 in the DNE and HNE [220], promoting neurogenesis at the
detriment of gliogenesis [72].

6.1.1.2 The Notch pathway maintains the progenitor pool
and inhibits neuronal differentiation
Notch signalling is generally known to control radial glial cell maintenance
during CNS development. In fact, conditional deletion of Notch1 [250] and
downstream effector Jagged [244] or its binding partner RBPJ [244], using
Nestin-Cre, induce a reduction of proliferation of adult NSCs in the SGZ, as
well as the final number of granule neurons, while increasing the number
of DCX+ intermediate progenitors (IPs). This demonstrates its role in both
maintenance of self-renewal, and inhibition of differentiation through
repression of proneural genes via its Hes targets [251]. However, overall
DG development is not significantly compromised, suggesting that
alternative pathways are active [244]. A gradual reduction of Notch
pathway activity consequently induces granule neuron differentiation. In
particular, the proneural transcription factor NGN2 is essential for
expansion and differentiation of IPs, because in its absence PROX1+
granule neurons are dramatically reduced and DG formation is altered, in
particular the lower blade is absent [252]. Moreover, it can also directly
induce expression of NeuroD1 which induces neuronal differentiation
instead [209].
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6.1.2

Astrocyte

differentiation

and

progenitor

migration during DG development
6.1.2.1 NFI factors controlling astrocytes differentiation
Dysregulation of gliogenesis can affect DG development, because granule
neuron progenitor migration is also supported by a scaffold made of
astrocytes (see Chapter 5) [71, 179, 224]. NFIA/B/X transcription factors
are known to control gliogenesis during CNS embryonic development,
because their deletion causes reduction of astrocyte specific gene
expression, such as GFAP and GLAST [150]. Deletion of Nfia/b/x therefore
compromises formation of the glial scaffold, ultimately affecting DG
development [71, 179, 224]. However, in the developing DG of Nfix-/- [224]
and Nfia-/- [71] mice, but not Nfib-/- mice [179], the number of PROX1+
granule neurons is also reduced. Interestingly, it was also demonstrated
that NFIX might induce IP formation from RGC via induction of inscuteable
(Insc) [253], which encodes for an adaptor protein controlling spindle
orientation and therefore symmetrical vs. asymmetrical cell division.
Moreover, it was shown that NFIX induces IPs formation via repression of
SOX9, which instead promotes RGCs self-renewal and quiescence [224].
On the other hand, NFIA can induce gliogenic differentiation downstream
of Notch signalling, as well as blocking the self-renewal signalling via
inhibition of Hes1 [71]. Moreover, in the developing hippocampus, NFIAinduced expression of GFAP is suppressed by LHX2, which therefore helps
promote neurogenesis [72, 254]. However, LHX2 is specifically expressed
in the dentate neuroepithelium (DNE) and hippocampal neuroepithelium
(HNE), while it is not expressed in the CH [221]; indeed, its absence in this
area might allow astrocyte differentiation. In conclusion, the family of NFI
transcription factors are, at least during spinal cord development [150],
downstream of SOX9, and regulate both astrocyte specification as well as
inhibiting RGC quiescence.
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6.1.2.2 Wnt/Ngn2
Aberrant formation of the glial scaffold was also observed in Ngn2 mutant
mice and in mice with defective Wnt signalling due to the absence of either
Lrp6 or Lef1 [54, 252]. However, this might be due to the role of these
pathways in regulating RGC expansion in the DNE, which would likely
affect the glial scaffold originating from these cells, rather than the one
originating from the CH.

6.1.2.3 Notch and astrocyte differentiation
Notch signalling is also involved in induction of astrocyte differentiation
during CNS development [155], therefore it might contribute to astrocyte
specification in the CH. However, its role in early DG development has not
been analysed. Reelin and SDF1/CXCR4 signalling are fundamental for
controlling granule neuron progenitor migration during DG development
[228] and both have been shown to interact with Notch pathway as well.
In particular, SDF1/CXCR4 signalling also controls RGC stemness via
induction of Notch and inhibition of ASCL1 in vitro [232], while Reelin
cooperates with Notch in the formation of the glial scaffold [255].
In conclusion, Notch signalling contributes to DG development controlling
both progenitor maintenance as well as their migration via induction of
astrocyte differentiation and Reelin.

6.1.4 Dissecting the role of SOX9 in DG development chapter hypotheses
In the absence of Sox9, the development of the DG is compromised
(Chapter 5). The timing and pattern of Sox9 deletion differentially affect
DG development (Fig. 5.2.21-23), as conditionally deleting Sox9 using
Nestin-Cre compromises DG development less than when using Sox1Cre/+.
The observed phenotype might have multiple origins: in Sox9fl/fl;Sox1Cre/+
mutants, where Sox9 is deleted in the entire archicortex (ARK) before its
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onset of expression, generation of DNE-derived intermediate progenitors
is slightly affected (Fig. 5.2.5), and the dentate glial scaffold supporting
progenitor migration, which arises from the CH (Fig. 5.2.17-19), is
disrupted (Fig. 5.2.20). In contrast, in Sox9fl/fl;Nestin-Cre mutants, Cre
recombination is only completed in the DNE at E13.5 (Fig. 5.2.22),
therefore leading to a 24h transient expression of Sox9 and this correlates
with a partial rescue of granule neuron progenitor total number (Fig.
5.2.5). In addition, Nestin-Cre only achieves a partial Sox9 deletion in the
CH (Fig. 5.2.22), probably allowing formation of a more functional radial
glial scaffold (Fig. 5.2.20).
Consequently, the adult DG of Sox9fl/fl;Sox1Cre/+ mutants is smaller than
controls, with reduced numbers and fewer proliferative NSCs and IPs (Fig.
5.2.1). On the other hand, the DG of the few surviving Sox9fl/fl;Nestin-Cre
mutants appears larger than those of Sox9fl/fl;Sox1Cre/+ mice, and while the
number of NSCs and IPs are similar, their proliferative activity appears less
affected (Fig. 5.2.1).
Therefore, to better characterize these phenotypes and identify SOX9
target genes, transcriptome analyses were performed. Signalling
pathways involved during normal development of the ARK from E12.5 to
E13.5

were

first

analysed.

Then,

transcriptomes

from

E13.5

Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre archicortices and their controls,
were compared in order to identify specific genes and pathways controlled
by SOX9 in the DNE and in the CH.
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6.2 Results
6.2.1 RNAseq analysis set up
Recombination in the archicortex is delayed in Sox9fl/fl;Nestin-Cre embryos
compared to Sox9fl/fl;Sox1Cre/+ and this difference might explain the less
compromised DG development in Sox9fl/fl;Nestin-Cre embryos compared to
Sox9fl/fl;Sox1Cre/+ ones. To characterise the molecular events underlining
these phenotypes as well as pinpoint specific pathways responsible for
this difference, an RNAseq analysis was performed on dissected
archicortices (Fig. 6.2.1.A) from quadruplicates of E12.5 and E13.5
Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+ embryos, as well as E13.5
Sox9+/+;Nestin-Cre and Sox9fl/fl;Nestin-Cre embryos (Fig. 6.2.1.B,C). E12.5
Sox9+/+;Nestin-Cre and Sox9fl/fl;Nestin-Cre embryos were excluded from the
analysis because at this stage Nestin-Cre is not yet active in the DNE (Fig.
5.2.22).
Pairs of archicortices from each sample were dissected as shown in Fig.
6.2.1.A and snap frozen. All samples passed RNA quality control, with an
average RIN of 9.6 as well as sequencing quality control with FastQC. After
sequencing, each sample had between 20 to 30 million reads. Although the
percentage of duplication was slightly high (~50-60%), it was decided to
proceed with the analysis. From each sample, around 20000 genes were
detected with at least 5 reads, of which on average 90% aligned with
coding regions (Fig. 8.2.1 in Appendix).
To confirm the genotype of the samples as well as the accuracy of the
RNAseq analysis, expression of Sox9 was examined. In the Sox9 floxed
allele, only the last two exons are flanked by LoxP sites (Fig. 6.2.2.A).
Accordingly, we observed a similar expression of Exon1 between controls
and mutants, while Exon2 and Exon3 were downregulated in mutants (Fig.
6.2.2.B and Fig. 8.2.2 in Appendix). In all samples, Exon2 and Exon3
expression was not completely abolished. This might be due to
contamination from Sox9 expressing tissue within or surrounding the
brain during dissection, such as blood vessels (Fig. 3.2.1.C), or residual
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expression of Sox9 within the brain from cells escaping Sox1Cre
recombination (Fig. 5.2.21.A and 5.2.22). In addition, expression of Exon2
and Exon3 in Sox9fl/fl;Nestin-Cre samples was slightly higher compared to
Sox9fl/fl;Sox1Cre/+ samples (Fig. 6.2.2.B arrows), which might reflect the
delayed Nestin-Cre recombination in the cortical hem (Fig. 5.2.22.B).

Figure 6.2.1: Sample preparation for RNAseq analysis.
A) Sequential steps for embryonic head dissection to isolate the
archicortex. The forebrain was dissected out of the embryonic head (i,ii),
removing developing epidermis and skull. Hemispheres were dissected
(iii). The dorsal forebrain was then separated, cutting away the ganglionic
eminences (iv). Archicortex was identified as being opposite to the
ganglionic eminence and by presence of a translucent area probably
representing the cortical hem (v). Archicortex was dissected out cutting
around the translucent area and immediately snap frozen (v).
B) List of archicortex samples submitted for RNAseq.
C) Schematic of archicortex samples submitted for RNAseq. The green
shade represents Rosa26ReYFP expression, used as a reporter of Cre activity.
Note Sox9fl/fl;Nestin-Cre samples are not recombined in the DNE and CH at
E12.5; recombination then reaches the DNE, but not the CH by E13.5, as
shown previously (Fig. 5.2.22). E12.5 Sox9fl/fl;Nestin-Cre samples were
therefore not included. DNE: dentate neuroepithelium; CH: cortical hem.
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Figure 6.2.2: Differential expression of Sox9 exons.
A) Schematic of the Sox9 conditional allele. Blue triangles indicate loxP
sites. Exon2 and Exon3 (orange boxes) are lost upon recombination, while
Exon1 (yellow box) is still present.
B) Normalized counts of Sox9 exon reads, showing Exon1 is expressed in
both controls and Sox9 mutants, while Exon2 and Exon3 are reduced in
Sox9 mutants compared to controls. Black arrows indicate slightly higher
expression of Sox9 in Sox9fl/fl;Nestin-Cre samples which might be indicative
of Sox9 expression in the CH.
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6.2.2 Comparison of DE genes
The analyses were performed as follows. First, the expression profiles of
E12.5 Sox9+/+;Sox1Cre/+ and E13.5 Sox9+/+;Sox1Cre/+ control embryos were
compared to identify genes and pathways that are involved in the normal
development of the archicortex at this stage (Fig. 6.2.3). Then, as SOX9
expression in the archicortex starts between E11.5 and E12.5, comparing
E12.5 Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+ archicortices should identify
pathways induced by SOX9 at the very beginning of its expression in this
region (Fig. 6.2.4), just as the first ALDH1L1+ astrocytes start appearing
(Fig. 40). Moreover, E13.5 Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+ embryos
were compared to confirm findings from the E12.5 embryo comparison, as
well as for identifying pathways induced after longer SOX9 expression in
this region (Fig. 6.2.5). On the other hand, a comparison between E13.5
Sox9+/+;Nestin-Cre and Sox9fl/fl;Nestin-Cre embryos comparison was used
to determine how the DNE was affected by withdrawal of SOX9 expression
after a normal initial expression (Fig. 6.2.6). Finally, we compared
differentially expressed (DE) genes in E13.5 Sox9+/+;Sox1Cre/+ vs.
Sox9fl/fl;Sox1Cre/+ embryos with DE genes in E13.5 Sox9+/+;Nestin-Cre vs.
Sox9fl/fl;Nestin-Cre embryos to pinpoint pathways that are affected in
Sox9fl/fl;Sox1Cre/+ but not affected in Sox9fl/fl;Nestin-Cre, as they would have
a key role in DG development (Fig. 6.2.8).
Sample expression profiles were analysed with principle component
analysis (PCA). PCA generates a plot where each sample is represented as
a dot. The position of each dot in the plot is calculated on its expression
profile. Distribution of dots in the plot therefore represent the relative
similarity or dissimilarity between their expression profile.
The full expression profile of each comparison was then analysed with
Gene Set Enrichment Analysis (GSEA). GSEA is performed on the general
trend of gene expression differences, both significant and non-significant.
Detailed descriptions can be found in the Material and Methods chapter
(Chapter 2). GSEA was focused on specific gene sets from the Canonical
pPathways and Biological Processes collections that were either
repeatedly occurring in the different comparisons (cell cycle, metabolism
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and neuronal differentiation) or relevant for archicortex development
(hippocampus development, gliogenesis and migration).
Finally, for each comparison, a list of DE genes (p-value adjust < 0.05) was
generated and analysed with Metacore [256] and manually screened.
MetaCore can identify pathways particularly enriched in the list of DE
genes.

6.2.2.1 Analysis of normal archicortex development
To identify pathways that are involved in the normal development of the
archicortex, E12.5 Sox9+/+;Sox1Cre/+ and E13.5 Sox9+/+;Sox1Cre/+ control
embryos were compared and 2371 DE genes were identified (Fig. 6.2.3.A).
The PCA plot shows that samples were grouped according to embryonic
stage, apart from one outlier (Fig. 6.2.3.B). This indicates consistency
among samples of each group, as well as significantly different expression
profiles between E12.5 and E13.5 groups. Pathway analyses was then
performed using MetaCore (pathways full list in Fig. 8.2.3 and pathways
analysed Fig. 8.2.4-9 n Appendix; pathways summary in Fig. 6.2.3.D) and
GSEA (summary in Fig. 6.2.3.C).
Pathway analysis with MetaCore, showed a reduction of NOTCH
extracellular activators DLL1 and the Jagged upstream activator p73, as
well as some of Notch downstream effectors (Hey1 and HistoneH3),
indicating that Notch pathway is being downregulated between E12.5 and
E13.5 in the ARK (Fig. 8.2.8 in Appendix) which correlates with induction
of neurogenesis. Accordingly, many GSEA gene sets related to neuronal
differentiation and metabolism were upregulated in the E13.5 samples
(Fig. 6.2.3.C). Similarly, MetaCore identified enrichment in pathways for
modulation of calcium and potassium channels, GABA and NMDA receptor
signalling as well as upregulation of NeuroD1 (Fig. 6.2.3.D, Fig. 8.2.3 - 8.2.5
in Appendix), which further suggests increase in neuronal differentiation.
This is consistent with ARK development at this stage, as by E14.5
intermediate neuronal progenitors are arising from the 1ry matrix.
Moreover, using GSEA, many cell cycle associated gene sets were identified
as being downregulated in E13.5 samples compared to E12.5 (Fig. 6.2.3.C),
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consistent with ARK progenitor cells exiting the cell cycle, and starting to
differentiate into neurons. This hypothesis would be in agreement with
downregulation of NOTCH pathway described above. However, FOXM1,
which positively regulates the cell cycle, is upregulated in E13.5 ARK
compared to E12.5 (Fig. 8.2.7 in Appendix), which is therefore in
contradiction with GSEA findings. Finally, Wnt and SHH pathways are also
undergoing changes between E12.5 and E13.5 in the ARK. Via MetaCore it
was observed that some Wnt ligands (Wnt2b and Wnt7a) are increasing,
while others are decreasing (Wnt3a, 8b, etc..; see Fig. 8.2.5 in Appendix for
details), this however induces a reduction in bcatenin and increase in TCF
and LEF, indicating induction in Wnt pathway. SHH downstream effectors,
like GLI3, on the other hand, are downregulated during progression of ARK
development (Fig. 8.2.5).
As shown in Chapter 5, astrocyte differentiation is also occurring in the
developing ARK at this stage (Fig. 5.2.17). Consistently, GSEA identified an
enrichment of genes associated with hippocampus development and
gliogenesis (Fig. 6.2.3.C). However, MetaCore analysis showed a
downregulation of BMP/SMAD pathway (Fig. 8.2.6 in Appendix) in E13.5
samples compared to E12.5. This is contradictory, because this pathway is
necessary for both neurogenesis and astrogenesis, and is involved in the
neuro-to-glia switch. However, at this stage, the BMP/SMAD pathway may
play a role the induction of ID proteins for repression of neurogenesis,
therefore its downregulation might instead indicate induction of
neurogenesis (Fig. 8.2.6 in Appendix).
Interestingly, migration is also occurring during ARK development at this
stage as granule neuron progenitors are migrating away from the 1ry
matrix forming the 2ry matrix. In agreement, both MetaCore and GSEA
identified pathways involved in cell migration (CXCR2) and cell adhesion
(VCAM1), extracellular matrix remodelling (metalloprotease MMP-9) and
cell morphogenesis (MetaCore - Fig. 8.2.9; GSEA - Fig. 6.2.3.C).
In conclusion, the comparison between E12.5 Sox9+/+;Sox1Cre/+ and E13.5
Sox9+/+;Sox1Cre/+ archicortex expression profiles identified processes
recapitulating

neural

progenitor

maintenance

(Wnt

pathway

upregulation) as well as exit from the cell cycle (Notch and SHH pathway
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downregulation), together with their migration away from the
neuroepithelium (cell adhesion, migration and ECM modification) and
differentiation into neurons (BMP/SMAD and ID proteins downregulated,
NeuroD1 upregulated). No specific pathway for astrocyte differentiation
was identified via MetaCore at this stage. However, hippocampus
development and gliogenesis gene sets identified with GSEA are
particularly interesting and further confirm that both the time points and
region selected were appropriate for this analysis.
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Figure 6.2.3: Transcriptome analysis between E12.5 and E13.5
control samples identifies pathways normally occurring during
archicortex development
A) schematic of dissected archicortices compared in this analysis and
number of DE genes identified.
B) Principal component analysis (PCA) plot, showing E12.5 an E13.5
samples cluster according to age, indicating their expression profile are
different, however consistent within each group.
C) Summary of GSEA gene sets analysed organised as subgroup, showing
E13.5 samples, compared to E12.5, are downregulating cell cycle and
upregulating archicortex development, migration, metabolism and
neuronal differentiation related gene sets. Normalised enrichment score
(NES) of gene sets was plotted as dots, positive NES indicates upregulated
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processes, while negative NES indicates downregulated processes. False
discovery rate (FDR) was used to calculate statistical significance and is
indicated as red for q-value0.05 and blue for q-value0.05. Dots size
indicate size of gene set represented.
D) Summary of pathway analysis using MetaCore; significant DE and
related function are shown. Detailed analysis is shown in Fig. 8.2.3 to 8.2.9.

6.2.2.2 Expression profile of archicortex development
Sox9fl/fl;Sox1Cre/+ mutants compared to controls
To identify genes induced by SOX9 in the first 24 and 48 hours of its
expression in the ARK we compared the expression profiles of E12.5 and
E13.5 Sox9+/+;Sox1Cre/+ samples to Sox9fl/fl;Sox1Cre/+ mutants of the
corresponding stage separately. We identified 297 (95 up-regulated and
202 down-regulated) and 357 (157 up-regulated and 200 downregulated) DE genes respectively (Fig. 6.2.4.A and 6.2.5.A; full list of DE
genes in Tables 8.3.1 and 8.3.2 in Appendix). For both comparisons,
control and Sox9 mutant groups of samples clustered separately in the PCA
plot confirming that the expression profiles of control and Sox9 mutants
were different (Fig. 6.2.4.B and 6.2.5.B). However, while control samples
were closely grouped together, this was not the case for Sox9 mutant
samples, indicating high expression profile variability in some sample
groups (Fig 6.2.4.B and 6.2.5.B).
Pathway analysis was performed with GSEA (summary in Fig. 6.2.4.C and
6.2.5.C) and MetaCore (summary in 6.2.4.D and 6.2.5.D; detailed list Fig.
8.2.10 to 8.2.20 in Appendix).
Pathways analysis showed a reduction in cell cycle GSEA gene sets in Sox9
mutants compared to controls at both stages (Fig. 6.2.4.C and 6.2.5.C), this
is supported by a dysregulation of FGF2- and ERK1/2-induced pathway
for self-renewal identified by MetaCore, however only in E12.5 samples
(Fig. 8.2.13 and 8.2.15 in Appendix respectively). Moreover, Sox9 mutants
at both stages showed further reduction of NOTCH1 compared to controls
(Fig. 8.2.12 and 8.2.20 in Appendix). As Notch is known to induce stem cell
maintenance, inhibiting cell proliferation and differentiation, this result is
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in accordance with increased cell proliferation observed in E12.5 Sox9
mutants compared to controls. In particular, only Notch1 itself (NOTCH
receptor and NICD, they are the same protein as NICD is cleaved form
NOTCH) was downregulated in our analysis, while the rest of its pathway
appeared unaffected (Fig. 8.2.12 and 8.2.20 in Appendix). This result might
suggest that SOX9 is directly controlling the expression of Notch1,
however this regulation has not been reported before. On the other hand,
strong induction of SHH was identified in E12.5 Sox9 mutants (6-fold
increase; Fig. 8.2.12 in Appendix), which might indicate that expression of
this gene is repressed by SOX9 in normal conditions. Sox9 expression is
downstream of both NOTCH and SHH, therefore it is possible that
downstream targets might positively or negatively feedback on their
regulators.
During CNS development, SOX9 is known to control the neurogenic to
gliogenic switch. Interestingly, NeuroD4 expression is significantly
induced in Sox9 mutants compared to controls at both stages analysed
(Fig. 8.2.12 and 8.2.20 in Appendix). Similarly, GSEA analysis identified
gene sets correlating to neuronal differentiation (Fig. 6.2.4.C and 6.2.5.C).
However, this result is in disagreement with the analysis of granule neuron
formation showed in this thesis, where no reduction in neuron numbers
was observed (Fig. 5.2.8). However, only this one gene related to neuronal
differentiation was identified to be significantly overexpressed in Sox9
mutants, which might explain the absence of a biological effect in vivo. On
the other hand, according to what has been here shown in vivo (Fig. 5.2.14
and 5.2.20), MetaCore analysis (but not GSEA) indicated that genes
involved in astrocytes differentiation are downregulated in Sox9 mutants
at both stages, with genes such as ATP1A2 (Atp1a2), MCT1 (Slc16a1) and
Vimentin (Vim; Fig. 6.2.4.D, 6.2.5.D, Fig. 8.2.14 and 8.2.19 in Appendix)
being affected. This might reflect the reduction in gliogenesis in the
cortical hem of Sox9 mutants. These results are in agreement with known
roles of Sox9 in controlling the neuro-to-glia switch.
Interestingly, fibronectin, collagen II and other cell adhesion and migration
related genes, were found to be downregulated in E13.5 Sox9 mutant
samples compared to controls (Fig. 6.2.5.D and Fig. 8.2.18 and 8.2.19 in
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Appendix). Collagen II is a known SOX9 downstream target for skeletal
development [129]. On the other hand, Fibronectin together with Notch, is
involved in epithelial to mesenchymal transition (EMT). Sox9 is also
known to control EMT in neural crest cells during embryonic
development27. Therefore, this result might indicate that EMT is regulated
by SOX9 in this context as well, and that therefore this process is
compromised in absence of SOX9. Consequently, also cell adhesion and
migration are affected, which is consistent with the in vivo results
presented in this thesis, in particular with the accumulation of granule
neurons next to the 1ry matrix. However, GSEA analysis showed an
increase in pathways involved in EMT in Sox9 mutants, which was only
significant at E12.5 (Fig. 6.2.4.C,D and 6.2.5.C,D).
Moreover, Wnt pathway is also involved in induction of EMT, in particular
it induces SOX9 phosphorylation, together with BMP, necessary for it to
cooperate with Snail and promote cell delamination [257]. MetaCore
analysis showed a reduction in Wnt pathway factors (Wnt7b, Frizzled)
specifically in E13.5 Sox9 mutants compared to controls (Fig. 6.2.4.D and
Fig. 8.2.17 in Appendix). This is consistent with the hypothesis of a
reduction in EMT in absence of Sox9. Frizzled reduction might be due to
direct control from Sox9, as it is known to perform in other contexts [258],
therefore

suggesting

a

similar

relationship

during

archicortex

development as well. Finally, Wnt pathway is necessary for specification
of the archicortex domains and amplification of the progenitor pool.
Therefore, Wnt reduction might also account for reduction in proliferation
observed (GSEA Fig. 6.2.5.C).
Finally, cholesterol biosynthesis (decreased in E12.5 Sox9 mutants; from
MetaCore; Fig. 8.2.11 in Appendix) and metabolism related pathways
(such

as

ATP

Synthesis,

fatty

acid

processing

and

oxidative

phosphorylation; from GSEA) were also affected in absence of SOX9
(increased in E12.5, but decreased at E13.5; Fig. 6.2.4.C,D and 6.2.5.C,D).
These differences might be correlated with astrocytes and neuronal
differentiation.
Finally, another interesting gene that resulted DE in Sox9 mutants at both
stages is Hopx (Fig. 6.2.7). Hopx has been recently identified as a specific
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embryonic marker for RGCs that generate granule neurons during
embryonic development, and then transit to quiescent adult NSCs of the
DG [87]. This result might be connected with significant reduction of adult
NSCs in the DG of Sox9fl/fl;Sox1Cre/+ mutants compared to controls (Fig.
5.2.1).
Taken together, these analyses show that in absence of Sox9, progenitors
in the archicortex appear to be reducing their cell cycle (Wnt, Notch, FGF2
and ERK1/2 reduction), while increasing neuronal differentiation
(NeuroD4) and reducing astrocyte differentiation (ATP1A2, MCT1,
Vimentin). Cell migration, adhesion and EMT are also affected (Fibronectin,
Collagen II, Wnt) but mostly in E13.5 Sox9 mutant samples. Moreover, Shh
is strongly upregulated while Notch and Frizzled downregulated,
suggesting a direct regulation by Sox9. Finally, Hopx is also significantly
downregulated in absence of Sox9, which might affect formation of adult
DG NSCs. Summary of pathways and relative genes fold change in E12.5
Sox9fl/fl;Sox1Cre/+ vs. control and E13.5 Sox9fl/fl;Sox1Cre/+ vs. control are
shown in Fig. 6.2.7.
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Figure 6.2.4: Transcriptome comparison between E12.5
Sox9+/+;Sox1Cre/+ control and Sox9fl/fl;Sox1Cre/+ mutant archicortices
A) schematic of E12.5 dissected archicortices compared in this analysis
and number of DE genes identified.
B) Principal component analysis (PCA) plot, showing samples in this
comparison cluster according to genotype, indicating their expression
profile are different, however mutant samples are more scattered
indicating their expression profiles are less consistent compared to
controls.
C) Summary of GSEA gene sets analysed organised as subgroup, showing
Sox9 mutant samples, compared to controls, are downregulating cell cycle
and upregulating migration, metabolism and neuronal differentiation
related gene sets. Normalised enrichment score (NES) of gene sets was
275

plotted as dots, positive NES indicates upregulated processes, while
negative NES indicates downregulated processes. False discovery rate
(FDR) was used to calculate statistical significance and is indicated as red
for q-value0.05 and blue for q-value0.05. Dots size indicate size of gene set
represented.
D) Summary of pathway analysis using MetaCore, significant DE and
related function are shown. Detailed analysis is shown in Fig. 8.2.10 to
8.2.15.
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Figure 6.2.5: Transcriptome comparison between E13.5
Sox9+/+;Sox1Cre/+ control and Sox9fl/fl;Sox1Cre/+ mutant archicortices
A) schematic of E13.5 dissected archicortices compared in this analysis
and number of DE genes identified.
B) Principal component analysis (PCA) plot, showing samples in this
comparison cluster according to genotype, indicating their expression
profile are different, however mutant samples are more scattered
indicating their expression profiles are less consistent compared to
controls.
C) Summary of GSEA gene sets analysed organised as subgroup, showing
Sox9 mutant samples, compared to controls, are downregulating cell cycle
and metabolism and upregulating neuronal differentiation related gene
sets. Normalised enrichment score (NES) of gene sets was plotted as dots,
positive NES indicates upregulated processes, while negative NES
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indicates downregulated processes. False discovery rate (FDR) was used
to calculate statistical significance and is indicated as red for q-value0.05
and blue for q-value0.05. Dots size indicate size of gene set represented.
D) Summary of pathway analysis using MetaCore, significant DE and
related function are shown. Detailed analysis is shown in Fig. 8.2.16 to
8.2.20.

6.2.2.3 Expression profile of archicortex development in
Sox9fl/fl;Nestin-Cre mutants compared to controls
When comparing the expression profile of E13.5 Sox9+/+;NestinCre/+
samples to Sox9fl/fl;NestinCre/+ mutants, only identified 36 DE genes were
identified (11 up-regulated and 25 down-regulated; Fig. 6.2.6.A; full list of
DE genes in Table 8.3.3 in Appendix). Accordingly, the PCA plot showed no
differential clustering of samples according to genotype (Fig. 6.2.6.B). This
result indicates that the expression profile of Sox9fl/fl;NestinCre/+ mutant
archicortex is not very different from controls and this correlates with
previous observation that DG development is much less affected when
Nestin-Cre is used to delete Sox9.
GSEA analysis is shown in Fig. 6.2.6.C, while MetaCore analysis summary
in Fig. 6.2.6.D (detailed list in Fig. 8.2.21 and 8.2.22 in Appendix). GSEA
pathway analysis showed cell cycle to be reduced in Sox9fl/fl;NestinCre/+
mutants, while neuronal differentiation to be increased (Fig. 6.2.6.C). This
is however not recapitulated by the in vivo results presented in the
previous chapter (Chapter 5), as no significant changes in proliferation
and/or neuronal differentiation were observed (Fig. 5.2.8).
Interestingly, among those 36 DE genes, NOTCH1 is downregulated in
Sox9fl/fl;NestinCre/+
Interestingly,

the

mutants

compared

fold-change

in

to
Notch

controls

(Fig.

expression

6.2.6.D).
in

E13.5

Sox9fl/fl;NestinCre/+ mutants is similar to E12.5 Sox9fl/fl;Sox1Cre/+ mutants
and halved compared to E13.5 Sox9fl/fl;Sox1Cre/+ mutants (Fig. 6.2.7), which
might be indicative of a Sox9 dosage effect. In other words, the effect of
Sox9 deletion in E13.5 Sox9fl/fl;NestinCre/+ mutants is mimicking that of
E12.5 Sox9fl/fl;Sox1Cre/+ mutants. This result further suggests that SOX9
might directly control Notch1 expression in this context.
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In conclusion, the expression profile of ARK of Sox9fl/fl;NestinCre/+ mutants
compared to controls, is not as affected as for Sox9fl/fl;Sox1Cre/+ mutants.
This is consistent with a less affected DG development observed in this
model. Only Notch1 is still significantly affected in Sox9fl/fl;NestinCre/+
mutants, compared to the previous analysis on Sox9fl/fl;Sox1Cre/+ embryos
(Fig. 6.2.7). Because in Sox9fl/fl;NestinCre/+ embryos, only the DNE is
recombined while the CH is not, Notch1 might be a specific target of Sox9
in the DNE.
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Figure 6.2.6: Transcriptome comparison between E13.5
Sox9+/+;Nestin-Cre
control
and
Sox9fl/fl;Nestin-Cre
mutant
archicortices
A) schematic of E13.5 dissected archicortices compared in this analysis
and number of DE genes identified.
B) Principal component analysis (PCA) plot, showing samples in this
comparison are scattered and do not cluster, indicating Sox9 mutant and
control samples expression profile are overlapping.
C) Summary of GSEA gene sets analysed organised as subgroup, showing
Sox9 mutant samples, compared to controls, are downregulating cell cycle
and upregulating neuronal differentiation related gene sets. Normalised
enrichment score (NES) of gene sets was plotted as dots, positive NES
indicates upregulated processes, while negative NES indicates
downregulated processes. False discovery rate (FDR) was used to
calculate statistical significance and is indicated as red for q-value0.05 and
blue for q-value0.05. Dots size indicate size of gene set represented.
D) Summary of pathway analysis using MetaCore, significant DE and
related function are shown. Detailed analysis is shown in Fig. 8.2.21 and
8.2.22.
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Figure 6.2.7: Summary of DE genes in all comparisons.
E12.5 RLFO: E12.5 Sox9+/+;Sox1Cre/+ control vs. E12.5 Sox9fl/fl;Sox1Cre/+
mutant.
E13.5 RLFO: E13.5 Sox9+/+;Sox1Cre/+ control vs. E13.5 Sox9fl/fl;Sox1Cre/+
mutant.
E13.5 RLJK: E13.5 Sox9+/+;Nestin-Cre control vs. E13.5 Sox9fl/fl;Nestin-Cre
mutant.

6.2.2.4 Identification of pathways underlying differences in
the severity of the DG phenotype in Sox9fl/fl;Nestin-Cre
embryos compared to Sox9fl/fl; Sox1Cre/+
In the previous result chapter (Chapter 5), DG development was shown to
be less compromised when Sox9 is deleted with Nestin-Cre compared to
Sox1Cre. It was also hypothesised that this difference might originate from
a delayed recombination of Sox9 in the ARK, specifically the CH, in
Sox9fl/fl;Nestin-Cre embryos compared to Sox9fl/fl;Sox1Cre/+. Therefore, the
next aim was to identify genes that were uniquely differentially expressed
in Sox9fl/fl;Sox1Cre/+ vs. both control and Sox9fl/fl;Nestin-Cre, to pinpoint
pathways that are sufficient to partially rescue DG development. Because
Nestin-Cre is not active in the CH at this stage (Fig. 6.2.8.B), this list of genes
should represent those controlled by SOX9 specifically in this region.
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DE gene list from E13.5 Sox9fl/fl;Sox1Cre/+ embryos vs. control was then
compared with the one from E13.5 Sox9fl/fl;NestinCre/+ embryos vs. control.
18 common DE genes were identified (Fig. 6.2.8.A). Therefore, the
remaining 339 genes that were specifically differentially expressed in
Sox9fl/fl;Sox1Cre/+ embryos vs. control, but not affected in Sox9fl/fl;NestinCre/+
vs. control were further analysed (Fig. 6.2.8.B). To further pinpoint genes
that might be directly regulated by SOX9, a list of genes containing
predicted SOX9 transcription binding sites motifs (from CHEA and
MotifMap) or that have been shown to be regulated by SOX9 via ChIP-seq
or functional studies (CHEA-TFBP and TRANSFAC) was used to filter the
339 DE genes in Sox9fl/fl;Sox1Cre/+ but not affected in Sox9fl/fl;NestinCre/+
samples (Fig. 6.2.8.C). Each CHEA, CHEA-TFBP, TRANSFAC and MotifMap
gene set gave slightly different results, therefore only the few genes that
were overlapping between lists were considered (underlined genes in Fig.
6.2.8.C) or had a fold change higher than 1 or lower than -1 (bold genes in
Fig. 6.2.8.C). From this analysis, the following 5 candidate genes were
obtained:
- Rad51b (1.86-fold change) is involved in DNA damage repair by
homologous recombination [259]. No specific association was found
between this gene and the Sox9 mutant phenotype.
- Rps7 (-1.10-fold change) is a Small Ribosomal Subunit Protein ES7. It has
recently been shown in an in vitro model of prostate cancer to promote cell
proliferation and migration as well as EMT [260]. Therefore, Rps7 might
fit with Sox9 functionality during embryonic development, as it is known
to control EMT during neural crest migration, and moreover could explain
defective granule neuron progenitor migration observed in the developing
DG of Sox9 mutants.
- EHM2 or Epb41l4b (-1.39-fold change) or Erythrocyte Membrane
Protein Band 4.1 Like 4B. It is a cancer promoter as mediates membranecytoskeletal interaction. EHM2 has been shown to control cellular
adhesion, migration and motility in wound healing model [261]. EMH2
function could again fit with Sox9 role in EMT/cell migration during
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embryogenesis, however its expression has not been yet characterised in
the CNS.
- Prelp (-1.58-fold change) is a Proline-Arginine-Rich End Leucine-Rich
Repeat Protein present in the extracellular matrix. This protein function is
anchoring basement membranes to the underlying connective tissue,
therefore possibly involved in cell adhesion and migration. Its expression
has not been analysed in the developing CNS, however it has been
identified in human samples of glioblastoma [262].
- Zfp277 (-1.90-fold change) or Zinc Finger Protein (C2H2 Type) 277 is a
transcriptional repressor that has been shown to be essential for the
silencing of the Ink4a/Arf tumour suppressor gene locus, via recruitment
of the polycomb repressor complex (PRC) 1. Loss of Zfp277 in mouse
embryonic fibroblasts results in premature senescence [263]. Accordingly,
an extra copy of the Ink4a/Arf locus extent NSCs maintenance in vivo,
which is also correlated with increased expression of Sox9 [146].
Therefore, in absence of Sox9, expression of Zfp277 and consequently of
the Ink4a/Arf locus, might be affected compromising progenitors’
quiescence in the developing DG. However, this hypothesis is
controversial, as it would indicate that loss of NSCs in the adult DG of Sox9
mutants is due to their enhanced quiescence.
Interestingly, a screening on GeneCards.org website showed that the
regulatory regions of all these 5 genes contain binding sites for NF1A and
NF1B which are both expressed in the archicortex and are known
downstream targets of SOX9 for gliogenesis. This result might suggest that
SOX9 could regulate the expression of these genes together with both
NF1A and NF1B, as it has already been shown in the spinal cord [150].
In conclusion, this analysis further pinpoint genes directly controlled by
SOX9, that are specific to the CH, and might underlie the differences
between Sox9fl/fl;Nestin-Cre and Sox9fl/fl;Sox1Cre/+ DG development.
Interestingly, 3 out of 5 genes are involved in cell adhesion and migration
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(Rps7, EHM2 and Prelp), which is affected in Sox9 mutant developing DG,
specifically in Sox9fl/fl;Sox1Cre/+ mutants. Further analyses, such as qPCR
analysis for validation gene expression or analysis of expression pattern
in the ARK, are needed to confirm these results.
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Figure 6.2.8: Identification of SOX9 regulated genes that are DE in
Sox9fl/fl;Sox1Cre/+ but not in Sox9fl/fl;Nestin-Cre embryos
A) Venn diagram of DE genes overlapping between E13.5 Sox9fl/fl;Sox1Cre/+
vs. control embryos and E13.5 Sox9fl/fl;Nestin-Cre vs. control embryos
comparisons.
B) Schematic of dissected archicortices used for this analysis. The green
shade represents Rosa26ReYFP reporter of Cre recombination. Note
Sox9fl/fl;Nestin-Cre samples are not recombined in the CH at this stage, as
shown previously (Fig. 5.2.22). Yellow and red lines represent DE genes in
Sox9fl/fl;Sox1Cre/+ vs. control embryos and E13.5 Sox9fl/fl;Nestin-Cre vs.
control embryos comparisons respectively. The length of the lines shows
the correlation with the domains of the archicortex affected in each model.
C) List of genes DE in Sox9fl/fl;Sox1Cre/+ vs. control embryos but not in
Sox9fl/fl;Nestin-Cre vs. control embryos further filtered for having
predicted SOX9 transcription binding sites motifs (from CHEA and
MotifMap) or for having been shown to be regulated by SOX9 via ChIP-seq
or functional studies (CHEA-TFBP and TRANSFAC). Log2 fold change is
indicated on the right. Red genes are upregulated, blue genes are
downregulated. Underlined genes are in common between the lists. Bold
genes have fold changes higher than 1 or lower than -1.
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6.3 Discussion
RNAseq analysis was performed on dissected ARK from E12.5 and E13.5
Sox9fl/fl;Sox1Cre/+ and control samples as well as E13.5 Sox9fl/fl;Nestin-Cre
and control samples. The first comparison was made between E12.5 and
E13.5 control samples to identify pathways involved in normal ARK
development between those stages (discussed in 6.3.1). Then,
comparisons were made between E12.5 Sox9fl/fl;Sox1Cre/+ mutants and
controls, E13.5 Sox9fl/fl;Sox1Cre/+ mutants and controls, as well as E13.5
Sox9fl/fl;Nestin-Cre mutants and controls, to analyse transcriptome changes
upon early and late deletion of Sox9 in the ARK, respectively (discussed in
6.3.2). Finally, DE genes identified in Sox9fl/fl;Sox1Cre/+ and in
Sox9fl/fl;Nestin-Cre samples were compared to pinpoint specific and
potential direct SOX9 downstream targets in the CH that could recapitulate
the different phenotype observed in these animal models in vivo
(discussed in 6.3.3).

6.3.1 Normal ARK development requires changes in
cell cycle, neuronal differentiation and cell migration
Transcriptome analysis of normal ARK development from E12.5 to E13.5
identified several pathways involved in neuronal differentiation (Fig.
6.2.3). First, Wnt pathway appears to be involved, with expression of
several members of the pathway fluctuating between these development
stages (Fig. 8.2.5). However, Tcf/Lef, the final Wnt downstream effector, is
upregulated, indicating activation of the pathway. This result correlates
with the induction of neuronal differentiation observed, as Wnt is known
to induce expression of pro-neural genes [244]. Accordingly, expression of
the pro-neural gene NeuroD1 is increased at the later stage of development
(Fig. 8.2.5 in Appendix). Downregulation of Notch pathway is also
indicative of progenitor differentiation as Notch is usually involved in their
maintenance. In particular, Notch receptor extracellular activators Dll1
and Jagged upstream activator p73 are downregulated (Fig. 8.2.8 in
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Appendix), indicating that the environment surrounding progenitor cells
(vasculature, differentiated intermediate progenitors, other supporting
cells) is actually changing to reduce Notch activity within the progenitor
cells and allow their differentiation. Accordingly, from both GSEA and
MetaCore analysis, neuronal activation/differentiation pathways appear
to also be upregulated (Fig. 6.2.3.C, D).
On the other hand, a general trend of cell cycle exit was observed,
particularly from GSEA, confirmed by downregulation of SHH and Notch
pathways, as well as BMP/SMAD pathway, which in addition to its multiple
other functions, is also involved inducing proliferation (Fig. 6.2.3.C, D).
However, Wnt pathway, which is also known to induce proliferation, is
upregulated as well as FOXM1 [264], which also induces cell proliferation.
All together, these results are contradictory. However, this might indicate
that different pathways are separately acting on different cell types, for
example for maintaining the progenitor pool, expanding it or inducing
their neuronal differentiation. Because this RNAseq experiment was
performed on bulk RNA extracted from a whole dissected ARK, single cell
variation is lost. Therefore, a single cell RNAseq study might be able to
further dissect which pathway is acting in each cell type.
Finally, pathways involved in cell migration, adhesion as well as ECM
remodelling were also identified to be upregulated by both GSEA and
MetaCore analyses (6.2.3.C, D). This is consistent with ARK development
at this stage. Interestingly, CXCR2 was identified as being the chemokine
receptor involved in granule neuron progenitor migration at this stage.
However, its role has never been investigated specifically in this context,
in contrast with other family members, such as CXCR4. Therefore, CXCR2
is an interesting new candidate chemokine receptor that could potentially
be involved in DG development.
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6.3.2 Sox9 has different roles in early and late ARK
development
In E12.5 Sox9fl/fl;Sox1Cre/+ mutant ARK, cell proliferation appears to be
specifically

affected

as

shown

by

GSEA,

possibly

because

of

downregulation of FGF2 and ERK1/2 pathways. However, this might be a
compensatory effect, as SHH is quite strongly upregulated in absence of
Sox9 (6-fold increase). Accordingly, no differences in cell proliferation
have been observed in E14.5 Sox9 mutant ARK compared to controls in
vivo (Fig. 5.2.4).
SOX9 most known role during CNS development is induction of neuro-toglia switch. Accordingly, in both E12.5 and E13.5 Sox9fl/fl;Sox1Cre/+ mutants
compared to controls, expression of the pro-neural gene NeuroD4 [265]
was upregulated, while Atp1a2, Vimentin and Slc16a1 (MCT1), which are
instead involved in astrocytes differentiation, are downregulated (Fig.
6.2.7). This result might therefore reflect the role of Sox9 in inducing
gliogenesis and is reflected by reduced astrogenesis in the CH of
Sox9fl/fl;Sox1Cre/+ mutant ARK (Fig. 5.2.17). On the other hand,
neurogenesis was not increased in vivo, indicating that overexpression of
NeuroD4 alone is not sufficient to increase neuronal differentiation.
Interestingly, fibronectin (Fn1) and collagen II (Col2a1), EMT related
genes, are downregulated specifically in E13.5 Sox9 mutants. SOX9 is
fundamental in controlling EMT transition during neural crest cell
development [136], therefore it is possible for it to control this process in
other contexts as well. Moreover, in vivo analyses suggested that DG
disrupted development in Sox9 mutants is due to affected granule neuron
progenitor migration, leading to accumulation of cells next to the DNE (Fig.
5.2.7). Therefore, this RNAseq result is consistent with this previous
hypothesis and might highlight a new role of Sox9 during CNS
development. Moreover, this result also indicate that Sox9 is controlling
cell migration specifically from E13.5, and not before, which is consistent
with the timing of ARK development.
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Sox9 is a downstream target of SHH [19] and Notch [140] pathways,
interestingly, both Shh and Notch receptor are significantly upregulated
(at E12.5) and downregulated (both stages), respectively. This result
might suggest a negative and positive feedback loop, respectively, of SOX9
on its upstream activators.

6.3.2

Differences

between

Sox9fl/fl;Sox1Cre/+

and

Sox9fl/fl;Nestin-Cre expression profiles are consistent
with a role for Sox9 in the CH
DG development is significantly less affected in Sox9fl/fl;Nestin-Cre mutants
compared to Sox9fl/fl;Sox1Cre/+. Consistently, this RNAseq analysis showed
that the transcriptome of E13.5 Sox9fl/fl;Nestin-Cre mutant ARK is not too
different from a control one, as only 36 genes were DE in this model (Fig.
6.2.6), compared to 297 and 357 DE genes in E12.5 and E13.5
Sox9fl/fl;Sox1Cre/+ ARK, respectively, compared to controls (Fig. 6.2.4,5).
This difference is very likely to originate from a different recombination
pattern obtained with Sox1Cre compared to Nestin-Cre, as this latter is not
active the CH and the DNE is only recombined at E13.5 (Fig. 5.2.22).
Therefore, comparing these two models allow identification of SOX9 roles
specifically in the DNE between E12.5 (which correspond to beginning of
its expression there) and E13.5 of ARK development.
In E13.5 Sox9fl/fl;Nestin-Cre mutant ARK, proliferation, neuronal and
astrocytic differentiation, as well as EMT are not affected (Fig. 6.2.7).
These results are consistent with the in vivo analysis performed on this
model. Interestingly, the only gene that was still significantly affected is
Notch1, suggesting that this gene might represent one of SOX9 direct
downstream targets. This specific function might have a role not only in
maintaining the progenitor pool during embryogenesis but also for their
transition into quiescent NSCs for DG adult neurogenesis. Consistently, the
number and proliferation rate of DG adult NSCs is significantly affected in
both Sox9 mutants (Fig. 5.2.1). However, NSCs significantly proliferate
more in Sox9fl/fl;Nestin-Cre compared to Sox9fl/fl;Sox1Cre/+, which might
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reflect the milder reduction of Notch1 in the first model. Moreover, Hopx,
a recently identified adult [266] and embryonic [87] DG NSCs marker, is
significantly reduced in Sox9fl/fl;Sox1Cre/+ mutants compared to controls,
but not in Sox9fl/fl;Nestin-Cre mutants (Fig. 6.2.7). Hopx however is not
directly controlled by Sox9 as it was not identified for having predicted
binding sites for SOX9 in, therefore its reduction might be a secondary
effect of Sox9 deletion.
The hypothesis of a direct regulation of Notch, as well as, SHH by SOX9,
could be explored with a luciferase assay, where luciferase expression is
controlled by Notch or SHH promoters and used as a reporter of their
activity with or without presence of SOX9. Additionally, ChIP sequencing
can be used to test whether SOX9 binds to Notch or SHH promoters. To
further test this hypothesis, genetic manipulation of Notch signalling could
be used in mice. However, analysis of Notch signalling alteration in the
developing DG have already been done, with conditional deletion of Jagged
using Nestin-Cre [244]: the embryonic DG development was not
significantly disrupted as the authors only reported an increase in adult
NSCs proliferation and neuronal differentiation. This result indicates that
Notch dysregulation on its own is not sufficient to induce the phenotype
observed in Sox9fl/fl;Sox1Cre/+ mutants.
Finally, analysis of genes DE in Sox9fl/fl;Sox1Cre/+ mutants but not in
Sox9fl/fl;Nestin-Cre mutants, which are also potentially directly induced by
SOX9, allowed the identification of 5 candidates (Fig. 6.2.8). Interestingly,
3 of them, Rps7, EHM2 and Prelp, are involved in cell adhesion, migration
and ECM modification, which might underlie the ability of SOX9 in
controlling granule neuron progenitor migration, potentially via induction
of EMT. Another candidate gene, Zfp277, is instead supposed to inhibit
quiescence and induce cell proliferation. Therefore, this transcription
factor represents another way through which SOX9 controls progenitor
proliferation or maintenance. Finally, the last candidate Rad51b, is
involved in DNA repair but its function has never been linked to CNS
development. Therefore, the 4 previous candidate genes might match with
previously described SOX9 roles as well as with the defective DG
phenotype observed in Sox9 mutants and should definitely be further
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investigated. First, their expression pattern has to be validated with qPCR
and immunostaining. Later on, their functionality in this context could be
tested with a functional recovery experiment. In fact, overexpression of
these genes in Sox9fl/fl;Sox1Cre/+ embryos, with constructs specifically
delivered in the ARK with in utero electroporation, should rescue the
defective development of the DG.
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Chapter 7.
Final discussion
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7.1 The role of SOX9 in regulating progenitor
proliferation and maintenance
7.1.1 Effect on embryonic RGCs expansion
Several studies have examined the role of SOX9 in controlling RGC
proliferation and differentiation during embryonic development in
different CNS regions [19, 144, 149, 154]. Because it is a downstream
target of SHH [19] and Notch [140] pathways, which are known to have a
role in progenitor proliferation and maintenance, SOX9 might indeed be
involved. However, conditional deletion studies have not always
highlighted such a role. Reduced RGC specification and maintenance have
been observed in the developing dorsal telencephalon (DT) using NestinCre to delete Sox9 both in vivo and in vitro [19]. On the other hand, no effect
was observed on cell proliferation in the developing spinal cord again
using Nestin-Cre [144], or in the cerebellum using either Pax2Cre or En1Cre
[149].
The analyses presented in this thesis did not show any significant effect on
RGC proliferation in either the DT or ganglionic eminence (GE) in embryos
conditionally deleted for Sox9 using either Sox1Cre (Fig. 5) or Nestin-Cre
(Fig. 6) at E12.5, E13.5 and E16.5.
The variable results may result from different timing and/or pattern of Cre
recombination. More precisely, while En1Cre, Pax2Cre and Sox1Cre are active
before the onset of Sox9 expression (E9.5 [169], E7.5 [158] and E8.5 [159]
respectively), Nestin-Cre is active only after this (E10.5 [144]). Another
possible explanation is that the requirement for SOX9 for progenitor
proliferation and maintenance is CNS region specific. However, the direct
comparison made in this thesis, examining RGC proliferation in
Sox9fl/fl;Nestin-Cre and Sox9fl/fl;Sox1Cre/+ embryos using the same
technique, strongly suggests that differences with previous findings result
either from variations in experimental methods, such as the use of EdU
instead of BrdU and different pulse lengths, or to changes in the status of
the mice, notably in genetic background and/or environmental factors.
294

Moreover, during DG development, which was more thoroughly analysed,
no differences were observed in either proliferation of RGCs in the DNE at
E14.5, formation rate of early/late granule neuron progenitor at P2 or
differentiating granule neurons at E18.5, between both Sox9 mutants and
controls. Conversely, from the RNAseq analysis performed on E12.5 and
E13.5 dissected ARK, GSEA indicated that the set of genes associated with
the cell cycle was downregulated in Sox9fl/fl;Sox1Cre/+ compared to controls.
However, analysis of DE genes showed that some pathways controlling
proliferation, such as SHH and BMP, were downregulated, while others,
such as Wnt and FOXM1 were upregulated, suggesting their effect may be
counterbalanced and that this is not translated phenotypically. However,
a significant decrease in total number of late granule neuron progenitors
was observed in Sox9fl/fl;Sox1Cre/+ developing DG, which could result from
a reduction in their proliferation too subtle to be revealed by the methods
used. As the number of the resulting PROX1+ neurons is unchanged in
absence of Sox9 at this stage, analysis of these same cell populations at
later stages of DG development is necessary to clarify this phenotype.
Interestingly, reduction of late granule neuron progenitors was not
observed in Sox9fl/fl;Nestin-Cre pups. This result prompts the question as
to whether this difference is due to the transient expression of Sox9 in the
DNE domain of Sox9fl/fl;Nestin-Cre compared to Sox9fl/fl;Sox1Cre/+ embryos.
In conclusion, the overall results presented in this thesis did not reveal a
significant role of SOX9 in controlling progenitor proliferation during
embryogenesis.

7.1.2 Effect on adult NSC proliferation and pool
formation
On the other hand, adult NSCs of the DG are significantly reduced in
number and proliferation rate in Sox9fl/fl;Sox1Cre/+ adults compared to
controls. Moreover, adult Sox9 mutants have reduced memory formation
ability in a behavioural test of novel object recognition, which is known to
be also consolidated via adult neurogenesis in the dentate gyrus [95].
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Therefore, memory formation deficiency might be partially due to reduced
NSCs activity in the DG upon embryonic Sox9 deletion.
Contrary to adult NSCs of the SVZ which are set apart already during
development [86], adult NSCs of the SGZ originate from the same
embryonic progenitors that are initially giving rise to granule neurons of
the DG proper, and that later gradually transition to quiescence [87].
Therefore, because granule neuron progenitors are generated in Sox9
mutants, the adult DG phenotype could result from:
(I) defective transition of progenitors (including NSCs) from expansion to
quiescence: in this scenario, the correct number of progenitors are
produced, but they do not transition to quiescence and are therefore lost
resulting in fewer adult DG NSCs. This hypothesis is consistent with
previous studies where Sox9 expression has been associated with a
quiescent cell status in the adult [146, 211]. Therefore, SOX9 might have a
role in inducing granule neuron progenitor exit from the cell cycle and the
transition to quiescent adult DG NSCs.
(II) defective mechanisms required for progenitor maintenance or
expansion. In this case, progenitors might have defective proliferation
which causes both a reduction in the NSC pool as well as in their
proliferative activity in the adult DG. The reduced total numbers of late
granule neuron progenitors observed in Sox9fl/fl;Sox1Cre/+ P2 developing
DG might be a reflection of this phenotype as well.
(III) defective migration: the correct number of progenitors are generated,
but defective migration impairs their ability to reach the DG and are then
lost via cell death. This hypothesis is also consistent with the phenotype
observed in both Sox9 mutants developing DG.
(IV) a combination of two or more of the above, as all options are partially
represented in the phenotype observed.
Indeed, the data collected regarding this aspect are not sufficient for
defining a mechanism and further analyses are needed. For example, in
utero electroporation could be exploited to label granule neuron
progenitors during embryonic development, combined with EdU label-
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retaining experiments, which would be indicative of their proliferative
activity.
Interestingly, NSC proliferation is less affected in Sox9fl/fl;Nestin-Cre
compared to Sox9fl/fl;Sox1Cre/+ adults. This is particularly interesting
considering the differential recombination pattern between Sox1Cre and
Nestin-Cre, because in the second model Sox9 is transiently expressed in
the DNE for 24 hours, which might be sufficient to induce initial cell
maintenance regulatory pathways within the progenitor pool and result in
their increased proliferation. However, the total number of NSCs is
similarly reduced in both models, which instead might be caused in both
cases by defective progenitor migration. Analysis of developing and adult
DG in Sox9fl/fl;Wnt3aCre/+ mutants will help clarifying this aspect.
Interestingly, the RNAseq analysis identified Notch1 to be significantly
downregulated in E12.5 and E13.5 Sox9fl/fl;Sox1Cre/+ ARK compared to
controls. Moreover, it was less downregulated in E13.5 Sox9fl/fl;Nestin-Cre
compared to E13.5 Sox9fl/fl;Sox1Cre/+ mutants. A different level of Notch1
downregulation might reflect the different severity of the proliferation
defect in adult DG NSCs, which would confirm the previous hypothesis that
early Sox9 expression in the DNE is necessary to induce an “expansion &
maintenance” programme for successful generation of adult DG NSCs. In
agreement with this, Hopx, a recently described gene specifically
expressed by embryonic granule neuron progenitors that later transit to
quiescent adult DG NSCs [87], is downregulated specifically in
Sox9fl/fl;Sox1Cre/+ but not in Sox9fl/fl;Nestin-Cre mutants. The Hopx promoter
does not contain any predicted SOX9 binding sites (from TRANSFAC,
JASPAR, MotifMap and CHEA databases), therefore downregulation of
Hopx might be a secondary effect of Sox9 deletion. On the other hand,
downregulation of Hopx might be interpreted as a reduction of this specific
granule neuron progenitor subpopulation that fails to expand in absence
of SOX9. Analysis of HOPX expression patterns in the developing DG of
both Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre mutants will help shed light
on this hypothesis. In particular, it would be interesting to identify where
HOPX expressing cells are normally located, whether in the DNE or CH, and
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whether this specific subpopulation is affected in either of the two Sox9
mutants.
In conclusion, a possible scenario would be that in both Sox9 mutants,
granule neuron progenitors are initially generated normally, but these are
then partially lost due to migration defects. The remaining NSCs are lost
due to impaired maintenance mechanisms, with less of an effect in
Sox9fl/fl;Nestin-Cre mutants because Sox9 is transiently expressed in the
DNE, which is in turn reflected by the reduced downregulation of Notch1
in this model.

7.2 The role of SOX9 in inducing gliogenesis
7.2.1 Embryonic oligodendrogenesis
Despite a failure to generate oligodendrocytes in the embryonic brain,
oligodendrogenesis is not significantly affected postnatally by the sole
deletion of Sox9, because this recovers around birth. However, this
recovery is explained by the compensatory role of SOX8, with double
mutants failing to generate oligodendrocytes and to survive. Therefore,
SOXE proteins are required for embryonic specification of OPCs in the
brain, which is consistent with previous studies on spinal cord
development [152].
Interestingly, the recovered OPCs in the absence of Sox9 appear to
originate from the dorsal forebrain. This is because the timing of OPC
recovery

coincides

with

that

of

the

third

dorsal

wave

of

oligodendrogenesis. Moreover, in the absence of Sox9, Sox8 expression
levels increase in the DT, which might provide an extra level of
compensation.

Finally,

EdU

birth-dating

analysis

showed

that

oligodendrogenesis is reduced only in the early ventral wave in Sox9
mutants, while the late dorsal one is not affected. A dorsal origin of
recovered OPCs was also observed in the developing spinal cord [144]. To
confirm this hypothesis, further experiments are being undertaken to
trace the progeny of dorsal progenitors in Sox9 mutants using an in utero
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electroporation technique, and to examine OPC specification. Lineage
tracing with this technique could also be coupled with a downregulation
of Sox8 expression in the targeted cells, on a Sox9 null background. This
could be achieved using the Crispr/Cas9 technology to target Sox8.
Differentiation of cells electroporated with the reporter only, or with both
reporter and Sox8 ablation tools, could then be assessed to determine
whether oligodendrocytes can differentiate in absence of both
transcription factors. It would, moreover, be interesting to examine
whether ventral up-regulation of SOX8 is sufficient for recovery of earlier
OPC specification in this domain. To test this, in utero electroporation
could again be used to induce overexpression of Sox8 in the ventral
forebrain of Sox9 mutants, and test for oligodendrogenesis recovery.
It has been suggested that SOX9, as a downstream effector of the ventral
morphogen SHH, specifically controls cell fate in the ventral CNS, while the
dorsal CNS relies on other mechanisms, such as FGF signalling [78].
However, several observations are in contrast with this hypothesis. First,
new dorsal SHH sources have recently been identified in the forebrain and
have been shown to control the dorsal oligodendrogenic wave [79].
Moreover, OPC recovery occurs because of functional redundancy with
SOX8, therefore both proteins are necessary for OPC specification in
ventral and dorsal CNS. Therefore, the question then becomes why the
compensatory overexpression of Sox8 in the absence of Sox9 occurs
specifically in the dorsal forebrain, when it is unchanged in the ventral
one? One possibility is that SOX9 alone, or in concert with other dorsal
specific morphogens such as Wnt, BMP, FGF or GLI3, the dorsal-specific
repressor downstream of SHH pathway, might somehow repress Sox8
expression in the dorsal forebrain. This is consistent with the Sox8
expression pattern in normal conditions: Sox8 is in fact expressed along
the VZ of the developing forebrain, mimicking Sox9, however it is normally
more intense in the ventral forebrain and weaker in the dorsal
telencephalon.
In conclusion, these results showing the important role of Sox9 in inducing
oligodendrogenesis are consistent with previous observations, but extend
this to the brain [58, 154]. In addition, the results are consistent with
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previous observations that regional failure of oligodendrogenesis can be
rescued from surrounding areas that are less affected [154]. This plasticity
may rely on the normal excess generation of OPCs, that are later lost via
still unknown mechanisms [74], but it also means that the source of OPCs
is unimportant for their function. Interestingly, because oligodendrocytes
are necessary for post-natal survival, this mechanism might have arisen
during evolution for ensuring successful and sufficient generation of
oligodendrocytes. Similarly, because of the high similarity between SOXE
proteins, functional redundancy can protect against loss of OPCs in case
one SoxE gene is lost or non-functional.

7.2.2 Effects on the adult brain of disrupted embryonic
oligodendrogenesis
Oligodendrocyte ablation in the postnatal developing cerebellum alters
neuronal maturation [267]. Therefore, although later dorsally generated
OPCs can substitute for OPCs normally generated in the forebrain by the
early ventral waves, the latter might have a role in modulating neuronal
development, via secretion of differentiation/survival factors, formation
of myelin, or both. Therefore, in Sox9 mutants, the initial absence of
oligodendrogenesis might lead to defects in neuronal wiring and
potentially behavioural changes, for example regarding locomotion and
reflexes. This possibility could be addressed with specific behavioural
tests or a more detailed analysis of oligodendrocyte functionality.
Another interesting cell type to analyse is the NG2-glia, also known as the
OPCs of the adult brain, which are the only cell population of the adult
brain apart from the NSCs in the neurogenic niches that are still
proliferating in normal conditions. They generate new oligodendrocytes
and myelin throughout adulthood, but may also alter their niches and
neuronal function as progenitor cells [268]. Considering the potential role
of SOX9 in controlling adult NSC proliferation, it would be interesting to
determine whether proliferation of adult NG2-glia is affected in Sox9
mutants. This aspect would be extremely important, because NG2-glia are
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fundamental for formation of new OPCs and myelin during adulthood. A
defect in their proliferation might affect the ability of the CNS to generate
more myelin. This hypothesis is supported by a previous study showing
that reduction in embryonic oligodendrogenesis, in a model of Sox9
deletion in the developing cerebellum, was caused by reduction in OPC
proliferation [154]. This aspect could be easily checked, analysing their
proliferation with cell cycle markers or with EdU labelling experiments.
Myelin formation is probably not significantly affected in Sox9fl/fl;Sox1Cre/+
adults as they survive into adulthood, however analysis of their survival
age might be indicative of defects in older mice.
In conclusion, the functionality of the recovered oligodendrogenesis in the
absence of Sox9 should be examined in more detail. Indeed, early ventral
embryonic oligodendrogenesis is absent in these mutants, and OPCs
generated dorsally may not fully compensate for the loss of these cells.
Therefore, early expression of Sox9 might be necessary for achieving a
fully functional population of oligodendrocytes. Further analyses are also
needed to identify which aspects of oligodendrogenesis are controlled by
Sox9.

7.2.3 Astrogenesis
Astrocyte generation, compared to that of oligodendrocytes, is less likely
to recover in absence of SOX9. In fact, GFAP expressing cells are still
significantly reduced in the adult brain (corpus callosum and
hippocampus) of Sox1Cre;Sox9fl/fl mutants. Therefore, SOX9 is the
predominant factor required in the gliogenic pathway and is less likely to
be redundant with other genes or pathways. This is further confirmed by
the observation that only the few cells still expressing SOX9 in the CH of
both Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre mutant embryos are
expressing ALDH1L1 and are therefore differentiating into astrocytes.
Consequently, the glial scaffold is affected at E18.5 in Sox9 mutants,
however it recovers post-natally, potentially due to functional redundancy
with SOX8. Analysis of Sox9fl/fl;Sox1Cre/+;Sox8-/- mutants will further clarify
this possibility.
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During spinal cord development, deletion of Sox9 leads to delayed
expression of NF1A as well as of other gliogenic genes (Gfap, GLAST) [150],
however this recovers later due to other transcription factors also
controlling NF1A, such as Brn2 [151]. NF1A expression is not affected in
the developing forebrain of Sox9 mutants. Therefore, other genes and
pathways might regulate it in this tissue, and these could include Brn2
[269], Wnt [225] or Notch [81]. Moreover, SOX9 can also physically
interact with NF1A for optimal induction of downstream gliogenic genes
[150]. Therefore, despite being normally expressed, NF1A functionality is
likely to be reduced in the absence of SOX9, which is confirmed by reduced
gliogenesis in adult Sox9 mutants. It would therefore be interesting to ask
whether this interaction is occurring in the developing ARK. This could be
done exploiting a very recent technique where ChIP is combined with
selective isolation of chromatin-associated proteins (SICAP) which are
then analysed with mass spectrometry for their identification [270]. Here,
SOX9 could be isolated together with all the other transcription factors
associated with it during transcription. This method would not only
confirm that SOX9 and NF1A interact during induction of target genes
expression, but also give information on which specific genes are being
induced by the two factors acting together.
SOX9 is fundamental for astrocyte differentiation, because, after the RGC
stage and among the post-mitotic differentiated cells, its expression is only
maintained in astrocytes. Indeed it was recently identified as a specific and
ubiquitous marker for differentiated astrocytes [145]. Moreover, forced
Sox9 expression together with Nfia and Nfib is sufficient to convert mouse
postnatal fibroblasts and human IPS cells into functional astrocytes [181,
271]. In agreement with these data, in this thesis, RNAseq results showed
that Sox9 ablation resulted in increased expression of NeuroD4, as well as
general pathways of neuronal differentiation (from GSEA), at the expense
of astrocytic genes, such as Vimentin, MTC1 and ATP1a2. While an
increase in neuronal differentiation was not observed in vivo, in either
Sox9 mutants, this result indicates that, as previously described, Sox9 is
required for expression of astrocytic genes.
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7.3 The specific role of SOX9 in DG development
7.3.1 Progenitor migration is supported by astrocytes
Lastly, the dentate gyrus (DG) was shown to be significantly affected in
Sox9fl/fl;Sox1Cre/+ adult mice. However, despite the previously described
roles of Sox9 in RGC formation and proliferation [19], granule neuron
progenitors, positioned in the dentate neuroepithelium (DNE), appeared
to be generated normally, and both their proliferation and differentiation
was not significantly affected. The only exception being late SOX2-TBR2+
granule neuron progenitors, which were significantly reduced in
Sox9fl/fl;Sox1Cre/+ P2 pups. Moreover, although not statistically significant,
the total number of granule neurons and progenitors tended to be lower
than in controls. However, the data in this thesis suggest that the defective
development of the DG is, instead, mainly due to compromised granule
neuron progenitor migration. These fail to reach the 3ry matrix and
accumulate in the 1ry and 2ry matrices. Analysis of the DG at later stages
of development will further clarify this aspect. Although, further reduction
of granule neurons and progenitors from P2 onwards might also be due to
their accumulation in the 1/2 matrix.
This phenotype is hypothesised to originate from the defective formation
of ALDH1L1+ astrocytic progenitors in the cortical hem (CH), a domain
adjacent to the DNE. In fact, astrocytes from the CH might cooperate with
the RGCs of the DNE, in the formation of the GFAP+ dentate glial scaffold,
a structure supporting granule neuron progenitor migration towards the
developing DG. In Sox9fl/fl;Sox1Cre/+ mutants, the GFAP+ glial scaffold is
significantly reduced at E18.5, affecting granule neuron progenitor
migration, but it recovers by P2. Therefore, it would be interesting to
analyse whether progenitor migration is still affected at later stages of DG
development.
The hypothesis is further supported by analysis of granule neuron
progenitor migration in Sox9fl/fl;Nestin-Cre pups, where, due to different
Cre recombination patterns, the CH still expresses Sox9, which allows
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differentiation of more ALDH1L1+ astrocytes, and consequently formation
of a more structured glial scaffold. Nevertheless, granule neuron
progenitor migration in this latter model was still partially compromised
compared to controls. This result indicates that RGCs from the DNE, which
are also supporting granule neuron progenitor migration, might be
partially compromised in both Sox9fl/fl;Sox1Cre/+ and Sox9fl/fl;Nestin-Cre
embryos. This is because expression of Sox9 in the CH in Sox9fl/fl;NestinCre embryos, and therefore induction of astrocytes at this location, does
not completely compensate the migratory defect. Alternatively, Nestin-Cre
might be partially active in the CH as well, therefore partially affecting
astrocyte differentiation in this region. Additionally, while Nestin-Cre
recombination is absent in the CH at E13.5, it might later be active here as
well, potentially affecting astrocytes more than previously expected.
Therefore analysis of SOX9 and YFP reporter expression in the CH of older
Sox9fl/fl;Nestin-Cre embryos, where Cre activity begins much later than
with Sox1-Cre, will confirm this possibility. Furthermore, CH-specific
deletion of Sox9, using Wnt3aCre, will clarify the contribution of CH-derived
astrocytes to dentate glial scaffold formation and granule neuron
progenitor migration.
The hypothesis of an impaired glial scaffold originating from CH is based
on the assumption that ALDH1L1 expressing cells are astrocyte
progenitors. If these cells are RGCs/neuronal progenitors, the reduction of
DG size in mutants would instead be due to reduction of an ALDH1L1+
subpopulation of granule neuron progenitors. To confirm either
hypotheses, it would be necessary to follow the progeny ALDH1L1+ cells,
for example using a ALDH1L1-Cre mouse line crossed with a reporter
mouse [272].
Moreover, assuming that all RGCs in the developing brain are initially
giving rise to neurons and later to glial cells, it would be interesting to
know what types of neuron, if any, were being generated beforehand by
the CH ALDH1L1+ cell precursors. A potential candidate are Cajal-Retzius
(CR) cells, which are known to be one of the first neuronal types to be
generated in the developing brain, and these originate from the CH [226].
In line with this hypothesis, if Sox9 deletion in the CH is delaying
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ALDH1L1+ cell differentiation, it might therefore prolong CR cell
generation. Expression of Reelin, a glycoprotein secreted by CR cells, does
not appear to change significantly in either of the Sox9 mutants, indicating
that generation of CR cells is not affected. However, a more detailed
analysis is needed to confirm this result, for example through looking at
expression of other CR cells markers, such as p73.
In conclusion, this study suggests the existence of a non-RGC-derived glial
scaffold, whose maintenance depends on SOX9, and which supports
neuronal migration during DG embryonic development.

7.3.2

Other

mechanisms

supporting

progenitor

migration
Other migration cues have also been analysed, such as the CXCR4/SDF1
mechanism, which is particularly interesting because the consequences of
either CXCR4 signalling increase [233] or blockade [231], during DG
development are highly similar to the defects observed in Sox9 mutants
(defective migration and accumulation of PROX1+ cells close to the
ventricle). The preliminary analysis performed on Sox9fl/fl;Sox1Cre/+ and
Sox9fl/fl;Nestin-Cre embryos do not show any difference in CXCR4
expression compared to controls, however more detailed expression
pattern analysis of both Cxcr4 and Cxcl12 (SDF1) are needed to confirm
this hypothesis.
Another possibility underlying defective granule neuron progenitor
migration from the DNE, is that in order to exit the epithelium of the 1ry
matrix and start migrating along the 2ry matrix, progenitors need to
undergo an EMT-like process, which is defective in absence of Sox9.
Accumulation of cells next to the ventricle, with formation of what was
indicated as the 1/2 matrix, might result from such a defect. SOX9 is known
to control EMT during neural crest development [135]. In addition, the
RNAseq analysis showed that EMT related genes (Fibronectin, Collagen
type II, Wnt pathway) are significantly downregulated in the E13.5 ARK of
Sox9fl/fl;Sox1Cre/+ embryos. Moreover, a recent study has proposed that an
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EMT-like mechanism is involved in intermediate progenitor initiation of
migration just after neuronal commitment [32]. The molecular mechanism
relies on the expression of Scrath1/2 proteins, which are directly
controlled by pro-neural genes. Therefore defective granule neuron
migration in the developing DG of Sox9fl/fl;Sox1Cre/+ mutants might result
from a combined effect of defective dentate glial scaffold formation as well
as EMT-like failure.

7.3.3 Why is the DG the only region significantly
compromised in Sox9 mutants?
Interestingly, apart from the hippocampus, no other areas of the adult
brain appeared to be compromised in Sox9fl/fl;Sox1Cre/+ adult mutants. In
fact, the number and formation rate of Tbr1+ cells in DT was not affected
in E16.5 and E18.5 Sox9fl/fl;Sox1Cre/+ embryos compared to controls;
although, a more detailed analysis is needed to confirm this observation.
For example, it would be interesting to analyse whether the layering of the
cortex is compromised in the absence of Sox9. In fact, RGCs giving rise to
cortical neurons have to carefully control the balance between
proliferation and differentiation as the cortex is one of the brain areas that
mostly expands compared to others. Therefore, if SOX9 had a fundamental
role in controlling the balance between the proliferation and
differentiation of RGCs, it would be quite obvious in this region.
Interestingly, unpublished work from Adam Nunn’s PhD thesis [273],
showed that cortical layering was not affected in Sox9fl/fl;Nestin-Cre
embryos compared to controls. However, the different Cre recombination
pattern might affect these results. For example, the delayed Nestin-Cre
activity in the DT compared to Sox1Cre, might be sufficient to induce cell
maintenance/differentiation pathways; alternatively, lack of Nestin-Cre
activity in the CH, where the Reelin secreting CR cells are generated, which
is instead recombined by Sox1Cre. However, cortical neuronal migration is
not significantly compromised by deletion of CH-derived CR cells alone
[53], as other sources of CR cells are present in the forebrain. Therefore, if

306

cortical layering is not affected in Sox9fl/fl;Nestin-Cre embryos, it is unlikely
to be affected in Sox9fl/fl;Sox1Cre/+ embryos.
Overexpression of Sox8 in the dorsal forebrain, upon Sox9 deletion,
underlies

oligodendrocyte

generation,

suggesting

that

neuronal

differentiation might also be rescued by Sox8. To confirm this hypothesis,
it

would

be

interesting

to

analyse

cortical

neurogenesis

in

Sox9fl/fl;Sox1Cre/+;Sox8-/- mutants. On the other hand, it was shown in spinal
cord development that only ventrally derived neurons are compromised
in absence of Sox9 [144]. It would be interesting to understand whether a
similar mechanism is also conserved in the forebrain, for example
analysing the formation rate of ventrally derived GABAergic interneurons.
Finally, SOX8 is not normally expressed in the ARK, therefore it would be
interesting to analyse DG development in Sox9fl/fl;Sox1Cre/+;Sox8-/- embryos
to determine whether SOX8 can be functionally redundant with SOX9 also
in this area.
In conclusion, the unique role of SOX9 in controlling DG development,
compared to other brain regions, is mostly indirect and probably results
from a combination of events:
I) granule neuron progenitor migration relies particularly on a glial
scaffold for successful DG development, this is probably due to the long
and narrow path these progenitors have to travel to reach their final
destination.
II) astrocyte differentiation, in particular, relies on Sox9 expression, and
contrary to oligodendrocyte development, Sox8 redundancy might not
occur in this context, or its delayed effect does not recover glial scaffold
formation early enough.

7.4 Concluding remarks
The results presented in this thesis show that, despite the multiple roles of
SOX9 during CNS development, such as RGCs induction and maintenance,
timing of neuro-to-glia switch and astrocytes and oligodendrocytes
differentiation, CNS specific conditional deletion of Sox9 results in a
surprisingly functional brain, with only a very specific defect. This
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indicates that functional redundancy with other SOXE proteins or
pathways are activated to secure correct brain development and
ultimately survival, in absence of SOX9.
In fact, while embryonic oligodendrogenesis initially fails in Sox9 mutants,
it then recovers due to functional redundancy with SOX8. Detailed
functional analysis of Sox9-ablated OPCs has not been done, however Sox9
mutant animals survive, indicating that indeed SOX8 is able to compensate
SOX9 function, and also that the ventral wave of oligodendrogenesis is not
strictly necessary for survival.
RGC proliferation is not significantly affected by Sox9 deletion, on the other
hand the cell cycle of adult DG NSCs is severely impaired; this suggests a
potential role for Sox9 in their maintenance during embryogenesis.
Therefore, while Sox9 is expressed in the VZ of the whole forebrain, the
most notable structure affected is the DG of the hippocampus. This is
because, specific Sox9 expression in the CH is important for specifying the
astrocytic progenitors of the scaffold, which in turn support DG neuron
migration during development. Conditional deletion of Sox9 exclusively in
the CH will confirm this hypothesis.
Therefore, timing of the neuro-to-glia switch is important, not only for the
generation of the correct amount of all cell types, but also for correct
development of discrete brain structures that are particularly supported
by glial cells during their development, such as the DG.
In conclusion, this work revealed new roles for both SOX9 and the
astrocytes that depend on its correct expression during embryonic
development. SOX9 is required most notably for correct formation of the
DG through its role in forming a substrate for neuronal migration.

308

Chapter 8.
Appendix
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8.1 List of reagents and materials used
Reagents and materials used are listed in Table 8.1.1 and 8.1.2
respectively, with supplier and catalogue number indicated.

Chemicals

Supplier

Catalogue #

2-Methyl-2-butanol

Sigma-Aldrich

240486

2,2,2 tribromoethanol

Sigma-Aldrich

T48402

6/0 vicryl sutures

Ethicon

5/0 vicryl sutures

Ethicon

Acetic acid

Fisher Chemicals

A/0400/PB17

Agarose

Thermo Fisher Scientific

16500-500

Roche

11093274910

Aqua-poly/Mount

Park Scientific

18606

b-mercaptoethanol

Thermo Fisher Scientific

31350-010

BCIP

Roche

11383221001

Betaine

Sigma-Aldrich

B2754-500G

Blocking reagent

Roche

11096176001

Bouin's solution

Sigma-Aldrich

HT10132-1L

Chloroform

Sigma-Aldrich

288306

Cresol red

Sigma-Aldrich

114472-5G

Deionised formamide

Sigma-Aldrich

F9037-100ML

Denhart’s solution

imported from previous lab

unknown

Dextran sulphate

Sigma-Aldrich

D8906-50G

DIG-tagged nucleotides

Roche

11277073910

Distilled water
DNAreleasyTM

Crick media preparation facility
Anachem

/
LS02

Donkey serum

Sigma-Aldrich

D9663-10ML

Thermo Fisher Scientific

E10187

Ethanol

Fisher Chemicals

E/0555DF/17

Ethidium chloride

unknown

unknown

Ethylene glycol

HoneyWell

102466

Glycogen

Thermo Fisher Scientific

R0551

Anti-Digoxigenin-AP, Fab
fragments

5-ethynyl-2’-deoxyuridine
(EdU)

310

Hydrochloric Acid (37%)

Fisher Chemicals

H/1200/PB15

Heparin

unknown

unknown

Injectable water

Vetivex 1

Isopropanol

Fisher Chemicals

P/7500/PC17

Luria-Bertani (LB) broth
LB plates 100µg/ml
ampicillin
Maleic acid

Crick media preparation facility

/

Crick media preparation facility

/

Sigma-Aldrich

M0375

Magnesium chloride

Fisher Chemicals

M/0600/53

Sodium chloride 5M
Sodium chloride powder

Crick media preparation facility
Fisher Chemicals

/
S/3120/53

Sodium hydroxide

Fisher Chemicals

S/4920/53

NBT

Roche

11383213001

OCT

VWR

361603E

Paraformaldehyde (PFA)

Sigma-Aldrich

P6148-500G

PBS

Crick media preparation facility

/

Phenol-chloroform

Sigma-Aldrich

77617-100ML

Poly vinyl alcohol (PVA)

Sigma-Aldrich

P1763

Polyvinylpyrrolidone
(PVP-40)

Sigma-Aldrich

P0930

Prolong Gold Antifade
Mountant

Thermo Fisher Scientific

P36930

Random primers

Thermo Fisher Scientific

48190011

RNAse inhibitor

Promega

N251A

RNAse out

Thermo Fisher Scientific

10777-019

RQ1 DNAse

Promega

M6101

Sheep serum

unknown

unknown

SmaI enzyme

New England Biolabs

R0141S

SmartCut buffer 10x

New England Biolabs

B7204S

Sodium acetate 3M

Ambion

AM9740

Sodium monobasic
phosphate monohydrate
(NaH2PO4 H2O)

Acros Organic

207805000

Sigma-Aldrich

S3264

SpeI enzyme

New England Biolabs

R0133S

SSC 20x
Sucrose

Crick media preparation facility
Sigma-Aldrich

/
S8501

Sodium phosphate dibasic
(Na2HPO4)
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SYBR Safe DNA gel stain

Thermo Fisher Scientific

s33102

T7 RNA polymerase

Promega

P2075

DAKO

S1699

Promega

P1181

Crick media preparation facility

/

Fisher Chemicals

BP152-1

Triton X-100

Sigma-Aldrich

X100-100ML

Trizol

Thermo Fisher Scientific

15596018

Tween® 20

Sigma-Aldrich

T9416

Yeast t-RNA

Sigma-Aldrich

R8759-2KU

Target retrieval solution,
Citrate pH 6.1 (10x)
Transcription buffer 5X
Tris-acetate EDTA 50X
(TAE)
Tris base

Table 8.1.1: List of chemicals, enzymes and solutions used.
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Materials/Kits

Supplier

Catalogue #

Thermo Fisher Scientific

AB1163A

Millipore

S7165

World Precission
Instruments

1B100F-4

Roche

11681842001

Thermo Fisher Scientific

C10340

dNTP Set (100 mM)

Thermo Fisher Scientific

10297018

EndoFree Plasmid Maxi Kit

Qiagen

12362

Eppendorf Microloader Tip 0.5-

Scientific Laboratory

20µl

Supplies

NucleoBond® Xtra Midi plus kit

Macherey-Nagel

740412.5

Pellet Pestles

Sigma-Aldrich

Z359947-100EA

Pellet Pestle motor

Kimble

749540-0000

qScriptTM cDNA SuperMix

Quantabio

95048

RNeasy Plus Micro Kit

Qiagen

74034

Slide Superfrost® Plus

Scientific Laboratories
Supplies

MIC3040

Thermo Fisher Scientific

18080044

Thermo Fisher Scientific

AB0301B

ABsolute QPCR Mix, SYBR Green,
ROX
ApopTag® Red In Situ Apoptosis
Detection Kit
Borosilicated glass capillaries
Buffer 3 from Expand™ Long
Template PCR System
Click-iTTM EdU imaging kit

SuperScript® III Reverse
Transcriptase
ThermoPrime Taq DNA
Polymerase, with 10x buffer and
separate vial of 25 mM MgCl2

F5242956003

Table 8.1.2: List of materials and kits used.
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8.2 MetaCore pathway analyses for RNAseq
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Figure 8.2.1: All samples RNAseq reads passed quality control with
FastQC
Summary of quality control analysis performed with FastQC tool, showing,
from left to right: % of duplicated reads, % of GC content, millions of
sequences obtained, % of aligned bases overlapping ribonuclear RNA
(rRNA) regions, % of aligned bases overlapping coding regions of mRNA
transcripts, % of aligned reads, % of duplication, % of expression
efficiency as proportion of exon reads on total reads, number of genes
detected with at least 5 reads, % of rRNA reads on total reads. All samples
passed quality control.
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Exon2

Exon3

C

E13.5 Sox9fl/fl;NestinCre/+ E13.5 Sox9+/+;NestinCre/+

E13.5 Sox9fl/fl;Sox1Cre/+

B

E13.5 Sox9+/+;Sox1Cre/+

E12.5 Sox9fl/fl;Sox1Cre/+

A

Exon1

E12.5 Sox9+/+;Sox1Cre/+

Chr. 11,
Sox9 locus

Figure 8.2.2: Aligned Sox9 exons reads
A,B,C) Sox9 exons reads from E12.5 Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+
samples (A), E13.5 Sox9+/+;Sox1Cre/+ and Sox9fl/fl;Sox1Cre/+ samples (B) and
E13.5 Sox9+/+;Nestin-Cre and Sox9fl/fl;Nestin-Cre samples (C) were aligned
to the genome to show Sox9 exons expression with or without Cre
recombination (scheme above). Exon1 is expressed in both controls and
Sox9 mutants, while Exon2 and Exon3 are only slightly expressed in Sox9
mutants compared to controls.
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Enrichment analysis report
Enrichment by Pathway Maps
#

Maps

1

res_wt_E13.5_vs_E12.5_results_log2FoldChange
Total

p-value

FDR

In Data

Neurophysiological process_Constitutive and regulated NMDA receptor trafficking

65

1.756E-12

2.521E-09

27

2

Deregulation of canonical WNT signaling in major depressive disorder

31

1.198E-09

8.601E-07

16

3

Signal transduction_Modulation of calcium and potassium channels by Adenosine A1 receptor

43

7.840E-09

3.753E-06

18

4

Neurophysiological process_GABA-B receptor signaling in presynaptic nerve terminals

28

2.265E-08

8.133E-06

14

5

Neurophysiological process_Synaptic vesicle fusion and recycling in nerve terminals

52

4.302E-08

1.235E-05

19

6

Neurophysiological process_ACM regulation of nerve impulse

48

6.116E-08

1.366E-05

18

7

Chemotaxis_Lysophosphatidic acid signaling via GPCRs

129

6.657E-08

1.366E-05

32

8

Neurophysiological process_Dynein-dynactin motor complex in axonal transport in neurons

54

8.702E-08

1.562E-05

19

9

Tau pathology in Alzheimer disease

55

1.219E-07

1.804E-05

19

10

Immune response_TNF-R2 signaling pathways

45

1.256E-07

1.804E-05

17

11

High shear stress-induced platelet activation

46

1.828E-07

2.386E-05

17

12

Neuroprotective action of lithium

63

2.787E-07

3.335E-05

20

13

Inhibition of oligodendrocyte precursor cells differentiation by Wnt signaling in multiple sclerosis

25

4.154E-07

4.190E-05

12

14

Development_WNT/Beta-catenin signaling in the nucleus

59

4.298E-07

4.190E-05

19

15

Nociception_Nociceptin receptor signaling

76

4.377E-07

4.190E-05

22

16

Development_YAP/TAZ-mediated co-regulation of transcription

56

8.911E-07

7.553E-05

18

17

CHDI_Correlations from Discovery data_Causal network

73

8.942E-07

7.553E-05

21

18

PI3K signaling in gastric cancer

51

1.004E-06

7.683E-05

17

19

Signal transduction_Adenosine A1 receptor signaling pathway

62

1.017E-06

7.683E-05

19

20

Oxidative stress_ROS-induced cellular signaling

108

2.064E-06

1.435E-04

26

21

Neurophysiological process_Constitutive and activity-dependent synaptic AMPA receptor delivery

59

2.099E-06

1.435E-04

18

22

WNT signaling in proliferative-type melanoma cells

38

2.328E-06

1.455E-04

14

23

Role of activation of WNT signaling in the progression of lung cancer

77

2.330E-06

1.455E-04

21

24

Transcription_CREB signaling pathway

49

2.845E-06

1.607E-04

16

25

Neurophysiological process_HTR2A signaling in the nervous system

49

2.845E-06

1.607E-04

16

26

Canonical WNT signaling pathway in colorectal cancer

66

2.909E-06

1.607E-04

19

27

Immune response_Platelet activating factor/ PTAFR pathway signaling

55

3.290E-06

1.750E-04

17

28

Regulation of Beta-catenin activity in colorectal cancer

56

4.335E-06

2.151E-04

17

29

G-protein signaling_Regulation of Cyclic AMP levels by ACM

45

4.345E-06

2.151E-04

15

30

Regulation of intrinsic membrane properties and excitability of cortical pyramidal neurons

74

4.702E-06

2.234E-04

20

31

Stem cells_Extraembryonic differentiation of embryonic stem cells

35

4.822E-06

2.234E-04

13

32

Regulation of GSK3 beta in bipolar disorder

46

5.920E-06

2.657E-04

15

33

SHH signaling in colorectal cancer

31

6.796E-06

2.929E-04

12

34

Epigenetic alterations in ovarian cancer

82

6.935E-06

2.929E-04

21

35

Apoptosis and survival_BAD phosphorylation

42

9.058E-06

3.716E-04

14

36

Action of GSK3 beta in bipolar disorder

23

1.189E-05

4.742E-04

10

37

Development_Notch Signaling Pathway

43

1.234E-05

4.788E-04

14

38

WNT signaling in invasive-type melanoma cells

38

1.372E-05

5.058E-04

13

39

DKK1 signaling in multiple myeloma

19

1.403E-05

5.058E-04

9

40

Immune response_MIF-induced cell adhesion, migration and angiogenesis

49

1.412E-05

5.058E-04

15

41

Nicotine signaling in glutamatergic neurons

33

1.444E-05

5.058E-04

12

42

Development_Thromboxane A2 signaling pathway

50

1.852E-05

6.037E-04

15

43

Apoptosis and survival_HTR1A signaling

50

1.852E-05

6.037E-04

15

44

Immune response_HMGB1 release from the cell

39

1.892E-05

6.037E-04

13

45

Deregulation of Ca2+-dependent neuronal cell survival in Huntington's disease

39

1.892E-05

6.037E-04

13

46

Mitogenic action of ErbB2 in breast cancer

56

1.945E-05

6.072E-04

16

47

CHDI_DEGs from Replication data_Causal network

81

2.049E-05

6.260E-04

20

48

Development_NCAM1-mediated neurite outgrowth, synapse assembly and neuronal survival

75

2.222E-05

6.646E-04

19

49

Transcription_HIF-1 targets

95

2.388E-05

6.998E-04

22

50

Immune response_IL-18 signaling

63

2.460E-05

7.064E-04

17

Figure 8.2.3: Summary of MetaCore pathway analysis on E12.5 vs
E13.5 Sox9+/+;Sox1Cre/+ samples.
Pathways highlighted in red have been further analysed in the following
figures (8.2.4 to 8.2.9).
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Figure 8.2.4: MetaCore analysis on E12.5 vs E13.5 Sox9+/+;Sox1Cre/+
samples.
Genes significantly affected in the “Neurophysiological process_
Constitutive and regulated NMDA receptor trafficking pathway” dataset.
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Figure 8.2.5: MetaCore analysis on E12.5 vs E13.5 Sox9+/+;Sox1Cre/+
samples.
Genes significantly affected in the “Deregulation of canonical WNT
signalling in major depressive disorder pathway” dataset.
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Figure 8.2.6: MetaCore analysis on E12.5 vs E13.5 Sox9+/+;Sox1Cre/+
samples.
Genes significantly affected in the “Stem cells_Extraembryonic
differentiation of embryonic stem cells” dataset.
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Figure 8.2.7: MetaCore analysis on E12.5 vs E13.5 Sox9+/+;Sox1Cre/+
samples.
Genes significantly affected in the “SHH signalling in colorectal cancer
pathway” dataset.
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Figure 8.2.8: MetaCore analysis on E12.5 vs E13.5 Sox9+/+;Sox1Cre/+
samples.
Genes significantly affected in the “Development_Notch Signaling
Pathway” dataset.
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Figure 8.2.9: MetaCore analysis on E12.5 vs E13.5 Sox9+/+;Sox1Cre/+
samples.
Genes significantly affected in the “Immune response_MIF-induced cell
adhesion, migration and angiogenesis” dataset.
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Figure 8.2.10: Summary of MetaCore pathway analysis on E12.5
Sox9+/+;Sox1Cre/+ vs E12.5 Sox9fl/fl;Sox1Cre/+ samples
Details of pathways highlighted in red have been further analysed in the
following figures (8.2.11 to 8.2.15).
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Figure 8.2.11: MetaCore pathway analysis on E12.5 Sox9+/+;Sox1Cre/+
vs E12.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Cholesterol Biosynthesis” dataset.
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Figure 8.2.12: MetaCore pathway analysis on E12.5 Sox9+/+;Sox1Cre/+
vs E12.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Stem cells_Self-renewal of adult neural
stem cells” dataset.
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Figure 8.2.13: MetaCore pathway analysis on E12.5 Sox9+/+;Sox1Cre/+
vs E12.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Development_Thrombopoietin
signaling via ERK1_2 and PI3K” dataset.
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Figure 8.2.14: MetaCore pathway analysis on E12.5 Sox9+/+;Sox1Cre/+
vs E12.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Development_Neural stem cell lineage
commitment (schema)” dataset.
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Figure 8.2.15: MetaCore pathway analysis on E12.5 Sox9+/+;Sox1Cre/+
vs E12.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Stem cells_FGF2-induced self-renewal
of adult neural stem cells” dataset.
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Figure 8.2.16: Summary of MetaCore pathway analysis on E13.5
Sox9+/+;Sox1Cre/+ vs E13.5 Sox9fl/fl;Sox1Cre/+ samples
Details of pathways highlighted in red have been further analysed in the
following figures (8.2.17 to 8.2.20).
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Figure 8.2.17: MetaCore pathway analysis on E13.5 Sox9+/+;Sox1Cre/+
vs E13.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Development_Negative regulation of
WNT/Beta-catenin signaling in the cytoplasm” dataset.
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Figure 8.2.18: MetaCore pathway analysis on E13.5 Sox9+/+;Sox1Cre/+
vs E13.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Cell adhesion_Integrin-mediated cell
adhesion and migration” dataset.
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Figure 8.2.19: MetaCore pathway analysis on E13.5 Sox9+/+;Sox1Cre/+
vs E13.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Development_Regulation of epithelialto-mesenchymal transition (EMT)” datatset.
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Figure 8.2.20: MetaCore pathway analysis on E13.5 Sox9+/+;Sox1Cre/+
vs E13.5 Sox9fl/fl;Sox1Cre/+ samples.
Genes significantly affected in the “Stem cells_Self-renewal of adult neural
stem cells” dataset.
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Enrichment analysis report
Enrichment by Pathway Maps
#

Maps

1

res_mut_vs_wt_E13.5_RLJK_results
Total

p-value

FDR

In Data

Development_Notch Signaling Pathway

43

1.027E-07

7.997E-06

4

2

Canonical Notch signaling pathway in colorectal cancer

47

1.481E-07

7.997E-06

4

3

Notch signaling in breast cancer

53

2.422E-07

8.720E-06

4

4

Development_NOTCH-induced EMT

19

9.736E-07

2.629E-05

3

5

Gamma-secretase regulation of gastrointestinal epithelial cell development

25

2.302E-06

3.978E-05

3

6

Development_NOTCH1-mediated pathway for NF-KB activity modulation

26

2.601E-06

3.978E-05

3

7

Notch signaling in oligodendrocyte precursor cell differentiation in multiple sclerosis

27

2.924E-06

3.978E-05

3

8

Stem cells_Notch signaling in medulloblastoma stem cells

29

3.648E-06

3.978E-05

3

9

Stem cells_Auditory hair cell differentiation in embryogenesis

29

3.648E-06

3.978E-05

3

10

Role of SHH and Notch in SCLC

30

4.051E-06

3.978E-05

3

11

Gamma-secretase regulation of angiogenesis

30

4.051E-06

3.978E-05

3

12

Development_Epigenetic and transcriptional regulation of oligodendrocyte precursor cell
differentiation and myelination

34

5.956E-06

5.360E-05

3

13

Development_WNT and Notch signaling in early cardiac myogenesis

35

6.510E-06

5.409E-05

3

14

Gamma-secretase regulation of osteogenesis

37

7.719E-06

5.955E-05

3

15

Stem cells_NOTCH1-induced self-renewal of glioblastoma stem cells

40

9.797E-06

6.224E-05

3

16

Development_WNT/Beta-catenin and NOTCH in induction of osteogenesis

40

9.797E-06

6.224E-05

3

17

Stem cells_Response to hypoxia in glioblastoma stem cells

40

9.797E-06

6.224E-05

3

18

Development_Muscle progenitor cell migration in hypaxial myogenesis

41

1.056E-05

6.338E-05

3

19

Stem cells_NOTCH in inhibition of WNT/Beta-catenin-induced osteogenesis

42

1.137E-05

6.462E-05

3

20

Regulation of immune cell differentiation by Notch signaling

43

1.221E-05

6.596E-05

3

21

Stem cells_Self-renewal of adult neural stem cells

52

2.175E-05

1.119E-04

3

22

Gamma-secretase proteolytic targets

76

6.814E-05

3.200E-04

3

23

Signal transduction_Angiotensin II/AGTR1 signaling via Notch, Beta-catenin and NF-kB
pathways

76

6.814E-05

3.200E-04

3

24

Stem cells_Dopamine-induced expression of CNTF in adult neurogenesis

22

2.508E-04

1.129E-03

2

25

T regulatory cells in asthma

30

4.699E-04

2.030E-03

2

26

Activation of Notch signaling in breast cancer

39

7.961E-04

3.307E-03

2

27

Stem cells_Endothelial differentiation during embryonic development

51

1.360E-03

5.245E-03

2

28

Development_Oligodendrocyte differentiation from adult stem cells

51

1.360E-03

5.245E-03

2

29

Immune response_T regulatory cell-mediated modulation of effector T cell and NK cell
functions

55

1.580E-03

5.883E-03

2

30

Aberrant production of IL-2 and IL-17 in SLE T cells

58

1.755E-03

6.319E-03

2

31

Development_Negative regulation of WNT/Beta-catenin signaling in the nucleus

89

4.080E-03

1.421E-02

2

32

G-protein signaling_Rap2B regulation pathway

7

7.615E-03

2.570E-02

1

33

Hypoxia-induced EMT in cancer and fibrosis

13

1.410E-02

4.614E-02

1

34

G-protein signaling_RhoB regulation pathway

16

1.733E-02

5.504E-02

1

35

Stem cells_Generation of pancreatic beta-cells from embryonic stem cells (early stages)

21

2.268E-02

6.617E-02

1

36

Stem cells_Schema: Osteogenic and adipogenic differentiation of mesenchymal stem cells

21

2.268E-02

6.617E-02

1

37

Stem cells_Inflammatory response in ischemia-reperfusion injury during myocardial
infarction

21

2.268E-02

6.617E-02

1

38

Stem cells_Generation of pancreatic beta-cells from embryonic stem cells (late stages)

22

2.375E-02

6.617E-02

1

39

Fenofibrate in treatment of type 2 diabetes and metabolic syndrome X

25

2.695E-02

6.617E-02

1

40

Immune escape mechanisms in Prostate Cancer

25

2.695E-02

6.617E-02

1

41

Immune response_Role of HMGB1 in dendritic cell maturation and migration

26

2.802E-02

6.617E-02

1

42

Role of fibroblasts and keratinocytes in the elicitation phase of allergic contact dermatitis

26

2.802E-02

6.617E-02

1

43

Stem cells_Generation of pancreatic beta-cells from induced pluripotent stem cells

27

2.908E-02

6.617E-02

1

44

Stem cells_Astrocyte differentiation (general schema)

28

3.014E-02

6.617E-02

1

45

Colorectal cancer (general schema)

30

3.226E-02

6.617E-02

1

46

Putative pathways of Oleic acid sensing in ventromedial hypothalamus in obesity (rodent
model)

30

3.226E-02

6.617E-02

1

47

Role of adipose tissue hypoxia in obesity and type 2 diabetes

30

3.226E-02

6.617E-02

1

48

NETosis in SLE

31

3.332E-02

6.617E-02

1

49

Development_Embryonal epaxial myogenesis

31

3.332E-02

6.617E-02

1

50

Neutrophil adhesion and transendothelial migration in asthma

31

3.332E-02

6.617E-02

1

Figure 8.2.21: Summary of MetaCore pathway analysis on E13.5
Sox9+/+;Nestin-Cre vs E13.5 Sox9fl/fl; Nestin-Cre samples
Details of pathways highlighted in red have been further analysed in the
following figure (8.2.22).
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List Report

res_mut_vs_wt_E13
.5_RLJK_results

MetaCore Data
Input IDs

Network Object
Signal
Name

1

Notch1

NOTCH1 (NEXT) -0.444889 0.0302

2

Notch1

NOTCH1 (NICD) -0.444889 0.0302

3

Notch1

NOTCH1
precursor

-0.444889 0.0302

4

Notch1

NOTCH1
receptor

-0.444889 0.0302

#

p-value

Figure 8.2.22: MetaCore pathway analysis on E13.5 Sox9+/+;Nestin-Cre
vs E13.5 Sox9fl/fl; Nestin-Cre samples.
Genes significantly affected in the “Development_Notch Signaling
Pathway” dataset.
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8.3 Lists of DE genes from RNAseq analysis
DE Genes E12.5 WT vs. E12.5 Sox9fl/fl;Sox1Cre/+
baseMean
log2FoldChange
padj
external_gene_name
601.6909799
23.33022279
8.14E-16
Kdm5d
331.2547678
22.06995592
3.19E-15
Uty
187.0220031
21.58427774
4.97E-11
Eif2s3y
61.25892055
20.96976904
0.000179334 AC157515.1
28.70178093
20.51836272
0.007928413 Gm28900
577.4713333
9.142052421
0.014116598 Ddx3y
39.01117867
7.948123289
1.04E-06
Gm12666
117.5244748
7.806154381
7.29E-17
AC099934.6
257.0607379
7.78381946
2.76E-10
Gm9008
148.5007991
7.655139229
0.025196199 Gm12229
4344.055396
7.629154336
0.00114013
Gm13394
22.82512124
6.857791157
4.14E-06
Gm16092
5.120705254
6.053407542
0.02614041
Shh
6.71478229
5.49674061
0.000291597 4933434M16Rik
55.68474379
5.287995125
3.73E-06
Gm13410
23.72835653
5.265311673
0.000310169 Gm29718
15.55272317
5.178316714
0.001389461 Gm5131
43.21257297
4.376255167
0.041887789 AC139941.1
9.109522157
3.339547026
0.03921469
Pdlim3
17.65840437
3.086128309
0.036876356 AC154864.1
83.55377951
2.933552452
2.80E-05
Gm26782
11.61534049
2.769859752
0.002271138 Gm13016
248.3364788
2.426164047
2.16E-08
Rad51b
12.56660635
2.153851742
0.04595477
AC165080.4
63.26659151
1.927987539
0.000402739 Cdh20
165.0244919
1.748668466
0.012322865 Dynlt1-ps1
8.799432797
1.726149653
0.040537108 Rpgrip1
36.30139922
1.642442007
0.006584143 Myh7
148.5356061
1.635433171
0.002954483 Neurod4
106.9121251
1.593994745
0.00016994
Ppp1r3e
25.05841375
1.498427792
0.01623315
Gm29266
348.768136
1.419350467
0.012023559 Dlk1
1966.100112
1.25158634
0.038681951 Gm10282
224.7117932
1.213319861
0.002345671 Rab43
99.78266655
1.212491354
0.008222785 Tm4sf1
60.29874394
1.049999256
0.045459898 2810029C07Rik
802.6127771
1.003525034
4.09E-06
Gm7993
44.61283204
0.995764088
0.020462728 Rnls
1367.759091
0.994791026
0.002830011 Clu
31.56292862
0.988098708
0.014116598 2310010J17Rik
68.82737822
0.976045572
0.019317445 Gm9260
928.151193
0.964043846
4.61E-06
Tmem260
29.60351737
0.959186779
0.041389412 AC163282.1
64.36139441
0.944192597
0.0278634
Kcns3
944.0569338
0.887401205
0.036501243 Sertm1
76.7605125
0.880055812
0.042521458 Rflna
760.5017426
0.875541878
0.031566932 Ulk4
171.97538
0.691280386
0.015187925 Ranbp17
92.37908185
0.659665988
0.038681951 G730003C15Rik
3816.678213
0.620205741
0.038681951 Rpl14-ps1
83.4995149
0.592522157
0.023427142 Bbc3
63.44914507
0.583730278
0.031566932 Gm19426
827.9076923
0.581103056
0.00172337
Osgep
460.2959918
0.565658938
0.032408056 6430548M08Rik
1630.059615
0.542320894
0.033293947 Atp5e
165.5270827
0.537544171
0.000169803 Nat9
31553.59573
0.534133296
0.026023066 Nnat
110.3561036
0.526302902
0.025047411 CAAA01147332.1
787.876941
0.518100771
0.030245587 Ly6h

2107.613602
176.4975799
135.2070676
155.691235
759.5071678
1809.204356
910.0561256
1384.802791
1030.487221
449.4531233
673.6649095
380.0036789
2776.000127
2530.943885
251.5130109
937.759743
166.8068033
282.9992933
608.0533585
1889.92491
382.6943092
3519.691585
1305.12478
543.4354626
1625.374485
937.9183625
1513.787278
695.4394045
632.1350403
2427.229696
1202.700376
737.5181997
1295.749548
1067.041117
1404.625336
1629.135431
4035.327851
2780.500259
18874.93572
2142.525633
6006.905123
2330.370084
2112.331572
5218.819826
4540.076441
5154.225804
33643.71133
1900.792574
4669.810625
10966.56512
4513.261286
2804.691843
6046.936558
8515.963968
1316.700125
8764.326988
2494.372451
1695.331383
7776.071428
4907.834454
2815.067374

0.485090715
0.469702075
0.457773122
0.450608072
0.425654378
0.424165782
0.423451555
0.421047642
0.417697822
0.402595083
0.400862621
0.393395299
0.380000899
0.372566869
0.36193995
0.361526861
0.358991356
0.343301526
0.333359721
0.328223368
0.309680729
0.296328988
0.290249136
0.288843495
0.276138536
0.26798294
0.264846173
0.263850481
0.233159987
0.22125146
0.218874006
0.209503587
0.201076647
0.195377349
0.192396031
0.180609511
-0.123932011
-0.128891106
-0.13277638
-0.135228547
-0.141940808
-0.157223134
-0.157517708
-0.160701911
-0.161785438
-0.164477648
-0.164551631
-0.167404121
-0.16942606
-0.169451509
-0.169523631
-0.172865635
-0.173553195
-0.176456764
-0.176763639
-0.184754039
-0.188787397
-0.188806312
-0.195362318
-0.196766754
-0.196983691

0.006136896
0.006547729
0.045060797
0.039513113
0.014256415
3.16E-06
0.002408791
9.82E-07
0.026023066
0.039541949
0.012382496
0.025047411
0.003849047
0.018588087
0.029523001
0.000310169
0.045459898
0.046100759
0.015187925
0.028549158
0.020462728
0.027962786
0.006706102
0.008473906
0.007974909
0.03128978
0.016589071
0.037580096
0.028273296
0.019092818
0.049434095
0.040250692
0.045459898
0.031566932
0.015187925
0.01955393
0.039545701
0.008881561
0.044161832
0.043929578
0.042521458
0.045459898
0.0278634
0.012023559
0.046034385
0.033293947
0.013729297
0.049579645
0.0324298
0.035780428
0.021133388
0.04113
0.023091699
0.046636614
0.017502664
0.005286823
0.000803776
0.008015874
0.003121889
0.01955393
0.03354741

Psmb5
Fbxo16
Gm5617
Mtrf1l
Fktn
Mid1ip1
Eapp
Rnf157
Acadl
H2-Ke6
Nr2f6
Ikzf2
Ankrd50
Cpt1a
Ebpl
Bri3
C1qtnf4
Zfp810
Fam204a
Obsl1
Slc35a2
Mmp14
Ubald2
Homez
Ift46
Arhgef25
Skida1
Srf
Gstz1
Ajuba
Tmem50a
Slc25a20
Cdk7
Hras
Tbc1d20
Ndufb11
Eml4
Cnot2
Srrm2
Usp48
Rbm39
Vprbp
Topors
Srrm1
Prpf40a
Ssb
Hnrnpu
Farsb
Zmym2
Psip1
Smchd1
Dnm1l
Bclaf1
Fubp1
Mrps2
Smarca5
Ints4
Mboat2
Eprs
Hmgcr
R3hdm1
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1378.16241
2724.277444
1366.314859
1511.866443
1114.95251
2861.172754
3311.28282
3461.12206
1221.309087
2413.818157
3296.553257
3140.07306
682.1101077
2607.630956
3604.434146
7684.258405
1091.89529
1022.626499
1666.441227
1215.860932
1073.492448
4184.122843
3498.988127
761.2469283
4360.468441
2309.822404
11063.72097
2093.97391
754.7505746
1694.238346
3640.85718
1661.068427
671.4144746
6758.323311
3346.569983
616.9773501
912.8465952
1351.366958
2215.974554
869.3549475
11854.36618
6684.791789
985.1131103
741.3028936
3101.012405
2952.206619
860.8873574
2953.498395
568.6209232
1557.594653
970.4333916
1060.669314
4800.958247
2124.353617
733.8466408
521.9693767
644.2167225
1586.947189
858.306791
1475.549858
1244.027145

-0.197807796
-0.198216448
-0.206810699
-0.208909104
-0.210181162
-0.212150133
-0.214797156
-0.214947991
-0.217204628
-0.221120949
-0.221554271
-0.222048342
-0.223517744
-0.224048263
-0.227157442
-0.228377767
-0.229717393
-0.232086664
-0.23229323
-0.235667422
-0.238626083
-0.240727352
-0.24172766
-0.244431592
-0.247779133
-0.248702661
-0.248842284
-0.250865196
-0.252106984
-0.256639311
-0.259214316
-0.260215629
-0.261782267
-0.266359584
-0.271710285
-0.272300357
-0.272369609
-0.275331007
-0.276011429
-0.277191746
-0.28071643
-0.29115391
-0.293076224
-0.295168467
-0.296036628
-0.296274114
-0.296606737
-0.298748338
-0.299620735
-0.299832779
-0.314305814
-0.315435696
-0.321795051
-0.32516522
-0.325314484
-0.327413971
-0.333291255
-0.33457431
-0.338759617
-0.345438966
-0.351555153

0.032386568
0.016521474
0.008104744
0.001670773
0.004794574
0.028549158
0.041993666
0.042521458
0.039545701
0.031566932
0.02206546
0.001104442
0.038735831
0.017091442
0.017091442
0.045459898
0.017977304
0.041418161
0.015884734
0.019317445
0.025714088
0.015187925
0.017502664
0.028549158
0.028549158
0.025714088
1.22E-08
0.001887106
0.012322865
0.002136061
0.02206546
0.044654214
0.016521474
0.000397966
0.042761125
0.014256415
0.008473906
0.033721498
7.96E-05
0.025047411
0.019898992
0.00098801
0.026668561
0.031566932
0.000510058
0.002408791
0.03354741
0.017091442
0.000867035
0.00016994
5.47E-06
0.002568647
0.028549158
0.039201279
0.047919628
0.0128598
0.044930566
0.028549158
0.000534296
2.88E-05
0.033427532

Aifm1
Plaa
Orc3
Sucla2
Phlpp2
Dars
Rnf2
Rsl1d1
Txnl4a
Ppid
Rif1
Fmnl2
Pgm1
Ppig
Myo1b
Ptbp2
Thumpd3
Nol8
Zfp62
Pitpnc1
Ccnh
Cyp51
Arvcf
Zmym1
Kat6b
Clip1
Cnn3
Smc5
Hltf
Acp1
Nop58
Lrig1
Mettl3
Hsph1
Cdc42ep4
Usp45
Usp36
Nat10
Pkp4
Rpe
Pgk1
Acaca
Zfp131
Tmem87a
Epb41l3
Masp1
Gclc
Nrarp
Crlf3
Txndc9
Trappc12
Swap70
Fzd1
Baz1a
Maoa
Foxn2
Gyg
Eif3j2
Ogfod1
Heatr5a
Fgf13

2050.377616
1954.030784
2867.400156
315.2625675
875.1623272
1887.894607
1028.689587
11950.12397
318.1377772
10317.60499
2514.210246
206.6775842
633.7454567
435.5186751
1531.687888
2329.713576
247.6854191
4754.806578
489.2077555
1549.369168
2740.159235
1183.231844
558.8382518
5926.600084
6056.832481
1440.997137
913.4296773
2501.173234
2814.352228
2560.27089
388.0804828
409.0204816
1143.379958
581.9660914
314.0834571
2513.921839
4419.443381
4143.061846
2176.613374
1519.316374
661.8457116
248.6464346
439.0774369
634.1957063
701.4561111
334.6998223
209.1730908
336.3804237
153.6024218
363.6654546
608.2138606
184.9629691
305.2705641
1822.191682
1891.159122
2259.002518
1782.879755
89.89544911
3711.070015
111.5448893
1811.885067

-0.351778481
-0.357486408
-0.361004177
-0.361842341
-0.373298649
-0.378430804
-0.382633617
-0.383935789
-0.386691345
-0.387118538
-0.389582948
-0.389960186
-0.390783811
-0.393960314
-0.395562964
-0.398515591
-0.413360744
-0.417559923
-0.42381261
-0.424658135
-0.431114181
-0.434854214
-0.437991866
-0.451737031
-0.453887039
-0.457074031
-0.457778229
-0.466475743
-0.470687574
-0.476188909
-0.477643619
-0.478191563
-0.485060679
-0.503067152
-0.504954416
-0.512771938
-0.536200826
-0.537155018
-0.539473631
-0.540110378
-0.550356582
-0.552886322
-0.566746781
-0.593626332
-0.599868018
-0.602666645
-0.605848586
-0.606251793
-0.6299918
-0.633264938
-0.634207077
-0.637336717
-0.639637599
-0.661226757
-0.664512023
-0.67166924
-0.67389852
-0.674310492
-0.683004834
-0.691273845
-0.709013523

0.002865137
0.022188236
0.004085408
0.007383251
0.006584143
0.03354741
0.028223026
0.000148409
0.037580096
5.74E-05
0.007263205
0.009056278
0.03354741
0.033179333
0.017091442
0.048695837
0.002675566
0.005749057
0.022277376
0.025196199
0.00797407
1.30E-06
0.000189319
0.004339712
0.007078028
0.018456045
0.000331738
0.026711391
3.23E-08
0.033293947
0.033293947
0.001915147
0.003849047
0.033293947
0.023045717
0.020523273
1.28E-05
0.006706102
0.000310169
2.31E-06
0.00124082
0.026516804
0.000472756
0.003237701
0.028294183
0.026668947
7.97E-05
0.038233107
0.045459898
2.37E-07
0.033293947
0.000158074
0.004020376
0.000596985
2.30E-06
1.04E-06
0.046636614
0.024724993
0.026803438
0.022821598
0.042521458

Nek6
Slc16a1
Gab1
Aig1
Sc5d
Msmo1
Cdca7l
Tnfrsf19
Jph1
Supt16
Spire1
Rpp40
Adal
Mars2
Eif1ad
Socs2
Dtd2
Rrm2
Pcgf5
Ppdpf
Srp54a
Nsdhl
Slc2a13
Notch1
Plagl1
S1pr1
Litaf
Fam167a
Nedd9
Mycn
Nanos1
Fastkd1
Ak4
Slitrk5
Dusp12
Idi1
Sox6
Cbl
Pgpep1
Gm14681
Mfsd2a
Eps8
Chst3
Bhlhe40
Slc27a1
Ncam2
Mxra7
Kcnd2
Chrdl1
Snapc1
Phactr1
Mipol1
Hopx
Pdk1
Aif1l
Btaf1
Atp1a2
AC154636.3
Tdg
CT030170.3
Sez6l
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575.2857705
3476.156391
1188.432462
259.0359713
902.2682472
189.3182991
180.1982618
83.26520416
2922.425076
9361.958666
130.7160716
312.6234194
118.3669716
386.9668158
86.22314798
81.11465085
129.0793347
4001.414305
114.1759839
100.208717
5050.672287
157.8632111
191.0234141
360.6269397
354.6911098
889.0839949
121.5682873
24.14155574
62.33853881
643.900013
129.8877736
96.97882703
46.58278635
35.82100837
336.8194709
160.5550982
562.8396518
3045.525685
112.3164907
201.5441777
22.10933903
257.8401061
18.74876075
69.32489172
89.46146121
1176.338671
333.7364138
288.5191182
9.772123754
25.34112256
6.738177862
19.10165478
28.44392242
152.2363872
70.09684047

-0.713195714
-0.71615278
-0.727832866
-0.727855191
-0.753653629
-0.763964598
-0.787604277
-0.798229543
-0.805952025
-0.835414893
-0.846376452
-0.855105449
-0.866277453
-0.872440598
-0.888698542
-0.974630458
-0.993218062
-0.999237373
-0.999566059
-1.003383017
-1.008370662
-1.030435316
-1.046391521
-1.047759752
-1.13398464
-1.139146678
-1.151518388
-1.16804676
-1.174738285
-1.1826579
-1.243988569
-1.261562664
-1.285922499
-1.416182457
-1.434250252
-1.462065911
-1.505443058
-1.712463739
-1.769411849
-1.815709598
-1.823879378
-2.018589323
-2.042682751
-2.049921708
-2.076832719
-2.208249017
-2.267851276
-3.316281166
-3.374559449
-3.403072013
-3.627900178
-5.757019225
-7.351092407
-11.26731584
-20.10734366

0.003237701
2.37E-07
6.48E-05
0.026069109
0.000873183
0.005204509
0.0324298
0.003500379
3.21E-06
7.96E-06
0.006810644
0.034692252
0.040923528
0.025196199
0.003237701
0.018588087
0.028549158
4.71E-13
0.003517539
0.003104772
3.93E-06
0.004175484
0.041418161
0.025609112
0.017499761
7.71E-08
0.005989007
0.004085408
0.026668561
0.030724935
3.93E-06
2.54E-07
0.029309963
0.003314774
1.02E-62
2.16E-08
0.041993666
1.72E-10
0.026516804
0.017908201
0.003444156
0.001820039
0.000489915
0.001313752
0.040923528
2.86E-13
2.19E-18
1.09E-21
0.022159758
0.010745756
0.000433262
0.004447806
2.87E-08
0.002687396
4.45E-07

Hsd17b7
Mid1
Dmd
Col9a2
Cd109
Nlrx1
1110015O18Rik
Mfap3l
Vcam1
Ttyh1
Zfp874a
Adamts19
Vipr2
P3h2
Usp44
0610040J01Rik
2610035D17Rik
Sox9
9430041J12Rik
Gm20707
Ide
Pip5k1b
Amd2
Emx2os
Rlbp1
Akap6
Prkg2
Duxbl3
Ifih1
Mmd2
F730043M19Rik
AC135633.1
Trpa1
Fads6
Mettl23
Abcb9
4833420G17Rik
Ndrg2
Gm21967
Ccna1
Gm9493
Kcnj10
AC124577.4
2410018L13Rik
Gm3055
Prelp
Zfp277
AC149090.1
Gm6257
Padi4
Tmprss5
Gm38947
Gm45456
Gm7292
Gm10222

Table 8.3.1. List of DE genes in E12.5 Sox9+/+;Sox1Cre/+ vs E12.5
Sox9fl/fl;Sox1Cre/+ samples.
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baseMean
1878.677177
38.45962477
4344.055396
257.0607379
22.82512124
15.55272317
8.705727045
6.71478229
55.68474379
8.427326979
117.5244748
23.72835653
31.23387337
4.045223008
11.61534049
6.813307823
4.559084528
5.825317831
17.65840437
7.453272802
78.3307826
17.73495454
20.15557191
14.08529212
64.36139441
112.2704128
11767.7619
34.50272588
12.56660635
112.4714611
16.06654886
248.3364788
33.28645447
12048.70562
307.0544055
16.24803824
3484.231906
58.78682944
148.5356061
22.56021299
33.26790621
35.23268084
68.82737822
459.8204359
802.6127771
142.5427048
510.6782407
273.7042093
518.9928551
37.99613893
70.22791359
683.7629427
136.4642173
78.2595473
157.7744763
69.15466177
57.87952138
87.00886142
537.9683654
1749.906413
551.5095648
51.80782052

log2FoldChange
10.65809768
9.374106724
7.959687296
7.923438946
7.235830921
6.699095811
6.666062492
6.486465741
6.338063822
6.322629181
6.293671388
5.9065355
5.823110688
5.586683695
5.001233177
4.835792376
4.14736107
3.838174001
3.668242927
2.797862023
2.675345586
2.528203844
2.490759284
2.287813606
2.176136561
2.15099304
2.142637353
2.067338525
1.938746085
1.931375904
1.9018013
1.86106859
1.780717765
1.742306121
1.72939151
1.643160292
1.434542061
1.412387081
1.322458642
1.291059966
1.215485289
1.183597283
1.168296276
1.167689586
1.145702529
1.142309873
1.052820931
1.045047156
1.014443977
0.97630096
0.961944489
0.961145001
0.933734329
0.923093877
0.907010635
0.903784827
0.896973376
0.879274849
0.870250882
0.853929946
0.839685215
0.821347512

padj
0.00044141
0.00495232
0.00040984
2.33E-10
8.76E-07
1.25E-06
0.04670281
3.10E-06
1.23E-09
0.02559216
4.79E-43
0.0001099
0.00601117
0.0001775
4.77E-05
0.01144783
0.04585199
0.03279997
0.00509121
0.004901
8.51E-05
0.01967701
0.00806691
0.03237318
3.00E-11
0.00019102
0.02593683
0.04585199
0.03940442
0.03459961
0.02593683
8.23E-05
0.04585199
0.004901
3.22E-05
0.04352548
0.00030738
0.03279997
0.02004835
0.01416885
0.01075929
0.02208685
0.00084953
0.02108471
3.74E-08
0.00026939
0.0275953
0.01117963
9.04E-05
0.01904681
0.004901
0.01900667
0.01904681
0.00051347
0.01930538
0.00065993
0.01595279
0.00199036
0.04295239
0.0033601
0.03876936
0.01553453

external_gene_name
Xist
Gm21742
Gm13394
Gm9008
Gm16092
Gm5131
Gm42933
4933434M16Rik
Gm13410
Gm38357
AC099934.6
Gm29718
E030030I06Rik
Gm43554
Gm13016
Gm10825
AC129329.1
H60b
AC154864.1
1700030C10Rik
Gm15428
AC124601.3
6330549D23Rik
Adgb
Kcns3
Tacr3
Rpsa-ps10
Tc2n
AC165080.4
Tesc
AC134254.3
Rad51b
Zfp982
Rps3a1
Kcnip1
Mir124a-1hg
Gm45836
Aim2
Neurod4
Slc2a4rg-ps
A030001D20Rik
Kcnf1
Gm9260
Pop4
Gm7993
CT030166.6
Gpr156
AC153370.2
Hist2h2be
5730507C01Rik
Gm12940
1500004A13Rik
Raet1d
Muc1
Adamts4
5330434G04Rik
Pou2f2
Efhd1
AC125374.1
Fam210b
Stk26
Gm28229

542.3252443
489.4659802
1156.611715
132.5281905
125.294415
199.1858133
148.9963018
68.00044445
300.7613716
1367.759091
129.2746925
226.2147878
109.8713127
991.3155077
633.233793
384.3421801
155.691235
148.914697
290.5012191
92.78272759
811.9985932
77.46227462
253.6388106
318.1874025
263.2448115
165.5270827
374.5946068
104.012923
205.7121036
166.8068033
140.3807649
361.8594962
371.427532
327.6155199
318.9119187
177.8903782
1072.587159
1873.916664
367.2943984
297.8391732
1242.570916
3849.005947
291.1671117
264.1162658
237.6560522
784.0083655
516.7005289
380.0036789
2530.943885
377.2193699
1889.92491
503.9638695
1513.787278
162.2885968
4309.129034
910.0561256
1036.190706
1924.257849
3284.254714
2249.07139
723.1447775
762.3049882
607.9303262

0.820233498
0.808285134
0.787301861
0.78163965
0.774788344
0.766501167
0.763173148
0.762079642
0.757084555
0.756837835
0.735227755
0.712104227
0.694116796
0.685609939
0.680226313
0.671370591
0.646018171
0.636219119
0.616131942
0.613588274
0.606434068
0.604820309
0.596744925
0.593823851
0.577165433
0.5604811
0.55627939
0.552390386
0.55001068
0.543961106
0.526056473
0.524695596
0.519838001
0.516319764
0.510105102
0.482066676
0.477007056
0.460226277
0.45393232
0.448608383
0.448181235
0.439593449
0.435295799
0.427004367
0.426443127
0.409051929
0.407477248
0.397706923
0.388063027
0.385557833
0.382029204
0.363915822
0.362208967
0.358459436
0.357260458
0.353725033
0.346232236
0.340424869
0.338676697
0.337577137
0.335675092
0.318948571
0.313701953

0.02892707
8.97E-09
0.00123193
0.01715912
0.03876936
0.01779621
0.00634352
0.0210155
0.03124422
0.04634752
0.04457589
0.00636926
0.00131884
0.00059887
0.04585199
0.0079571
0.0001251
0.02166928
0.0042195
0.01930538
0.00018083
0.01686361
0.02199366
2.24E-05
0.01576766
2.10E-05
0.02802418
0.01796211
0.00789669
0.00012372
0.0429081
0.0288633
0.01268144
0.04923307
0.04820732
0.01268144
0.00731417
0.04658938
0.00225262
0.00012975
0.00077993
0.03624511
0.0288633
0.03124422
0.00018083
0.0358929
0.00012975
0.01904681
0.0088285
0.02080736
0.00422228
0.02839335
7.83E-05
0.04894995
0.00800606
0.01595279
0.02624946
0.02681132
0.00308362
0.00304975
0.00746459
0.04159305
7.83E-05

Sptb
Clk1
Sdk2
Snhg5
CT030170.6
Zfp984
Rorc
Optn
S100a10
Clu
Fbln7
Dmrt1
Firre
Rsrp1
Miat
Sema3f
Mtrf1l
Irf9
Ajap1
Gm45133
Eml5
Klf9
Dusp19
Scnm1
Zfp992
Nat9
Gria3
Zfp975
Ddit4l
C1qtnf4
Panx2
Pdlim1
Tmed3
Ppox
Frat2
Frat1
Zfp426
E330013P04Rik
Clk4
Slc38a9
Frmd5
Ankrd11
Trim46
Tsga10
Rmnd1
Dcbld1
Vps45
Ikzf2
Cpt1a
Smad7
Obsl1
Pde9a
Skida1
Rad52
Mtss1
Eapp
Gcc2
Camta1
Ier5
Foxn3
Hdac11
Glrx2
Nit1
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627.4665467
550.4586902
593.7368583
2966.977283
249.4507225
1123.76042
3519.691585
1286.635787
1305.12478
791.1428475
832.3137248
541.7739153
403.5112332
1527.348994
1384.802791
508.2471328
895.5527603
3162.241074
1263.036989
1730.561721
1023.424758
1084.832967
1977.033785
887.8102008
818.0354143
1322.280278
665.6103384
4928.970994
844.1540099
904.7147676
18570.52132
1519.000744
5934.665374
2588.832085
2900.902769
2436.246231
4975.236345
9707.257426
1388.364549
2761.538774
20292.36525
5349.544127
14473.85374
10862.69794
7255.073596
3103.160463
16766.35621
3722.678244
3370.065419
1494.987046
970.4333916
6667.915957
1537.269926
4758.857586
4027.344505
1785.143927
2494.372451
1586.501586
12310.39994
6245.608648
6431.924501
9579.247383
10608.86037

0.310863982
0.310146097
0.303969598
0.297830469
0.288586901
0.285494646
0.280934589
0.279445474
0.275662749
0.267811407
0.266281786
0.258382885
0.258137169
0.253779471
0.24759454
0.246475396
0.245506933
0.229234569
0.227158988
0.216786701
0.214107496
0.211704025
0.205060654
0.204179322
0.201007299
0.195071139
0.190413628
0.188601301
0.188391514
0.170370433
0.169490636
0.165335431
-0.115226553
-0.129158991
-0.132068898
-0.13955076
-0.142079611
-0.144992022
-0.156376181
-0.157622934
-0.158319675
-0.160088796
-0.160295952
-0.160325549
-0.171770896
-0.173560703
-0.173847772
-0.17784593
-0.180190073
-0.184555276
-0.185758193
-0.186609835
-0.187544971
-0.190193979
-0.191107204
-0.191161895
-0.19135955
-0.192180608
-0.192401712
-0.194679992
-0.19674776
-0.205266771
-0.210600804

0.04585199
0.04718024
0.00056075
0.0266913
0.03876936
0.0288633
0.0358929
0.03434111
0.00849111
0.02599478
0.00059887
0.0358929
0.0358929
0.00626317
0.02108471
0.04968772
0.03484365
0.02599478
0.02636396
0.02892707
0.02496405
0.00811311
0.00080735
0.04456055
0.03128322
0.01394409
0.03232374
0.02578672
0.03126313
0.02166928
0.01504122
0.01553453
0.00844561
0.0136483
0.00791319
0.01772682
0.00872547
0.0143078
0.02166928
0.00846711
0.03520675
0.0044798
0.01553453
0.01914619
0.00215978
0.02148506
0.02166928
0.0117603
0.04923307
0.02839335
0.03803762
0.00029181
0.04585199
0.00746459
0.01762855
0.0106003
0.00044141
0.03565678
0.00769144
0.02599478
0.02892707
0.03648444
0.03434111

Gpcpd1
Cep19
Rabggtb
Zfp423
Slc22a15
Efs
Mmp14
Magi3
Ubald2
Egln3
Limk2
Zscan26
Fsd1
Phtf1
Rnf157
Paxbp1
Camsap3
Zfp219
Ccdc177
Zbtb12
Sun2
Repin1
Arid4b
Ap4m1
Kmt5c
Tob2
Cdkn2aip
Sympk
Endov
Uba5
H3f3b
Pcmt1
Dgcr2
Sec23ip
Aco1
Mpzl1
Nek9
Trrap
Gid8
Clint1
Prpf8
Arid2
Cltc
Arhgap35
Ctnnd1
Mtor
Pcbp2
Pgd
Cpsf2
Cdk14
Trappc12
Hectd1
Agl
Adgra3
Xpo5
Tex261
Ints4
Tspan14
Polr2a
Birc6
Cacng4
Slc38a1
Snrnp200

1664.530495
1633.139446
11063.72097
9981.383361
1331.448996
912.8465952
1005.412911
2862.482463
4261.187778
4907.834454
1694.238346
606.9638563
547.32865
33592.32731
2814.352228
2050.377616
1353.605298
2953.498395
1430.721295
5497.303277
11950.12397
904.8856112
3101.012405
5164.659403
651.192467
3889.911793
648.811038
423.4824194
393.0917948
1712.086396
2146.942223
1482.434545
837.3379197
1215.860932
247.6854191
809.6173702
3498.988127
2117.29447
24508.50797
3346.569983
1183.231844
1325.448123
3296.532016
3049.741858
1854.74009
1214.042453
4800.958247
2117.037324
1919.685073
1549.369168
2867.400156
692.1610436
9223.342677
790.355259
2740.159235
1475.549858
1003.339221
1256.517018
382.7857542
4419.443381
138.9911752
439.0774369
2185.868865

-0.211940404
-0.216080755
-0.229902136
-0.232594078
-0.237358632
-0.244403893
-0.246654402
-0.249172649
-0.249631599
-0.250842742
-0.252331724
-0.258246501
-0.261575209
-0.26259262
-0.264882056
-0.266083255
-0.267862842
-0.271800135
-0.272883686
-0.279981857
-0.280125685
-0.280449449
-0.282690329
-0.282794625
-0.287800237
-0.295941391
-0.296729835
-0.297781749
-0.299270326
-0.310002356
-0.310387882
-0.3146003
-0.323253906
-0.325358271
-0.327118635
-0.32957076
-0.33229523
-0.332868698
-0.343610019
-0.345884768
-0.347070429
-0.351340194
-0.351547279
-0.351649556
-0.351744961
-0.35532157
-0.35748389
-0.366533478
-0.386276812
-0.401989041
-0.405382697
-0.406476838
-0.406574772
-0.410930246
-0.411526791
-0.414323008
-0.421323895
-0.43504722
-0.438929006
-0.442614887
-0.443570539
-0.446158485
-0.447247762

0.0013034
0.01904681
1.94E-07
0.01518498
0.02532065
0.02043549
0.00849111
0.00238644
0.00040998
0.00042593
0.00213022
0.01144783
0.00969035
0.00090604
0.01457591
0.04585199
0.03681674
0.03359198
0.00422228
0.01115966
0.01715912
0.00299453
0.00069967
0.00199036
0.00568284
0.04149312
0.03809722
0.01176048
0.0358929
0.00729465
1.61E-09
1.10E-06
0.00499194
8.83E-05
0.03434111
0.01655838
8.51E-05
0.01904681
0.0137135
0.00240789
0.00032102
0.01930538
0.01781634
0.01796211
0.04478637
0.04159305
0.00791319
0.0429081
0.04894995
0.0348319
0.00042593
0.03514853
0.001497
0.00746459
0.01144783
1.10E-07
0.00880721
9.58E-06
0.00199036
0.00078399
0.00872547
0.01553453
0.0103544

Nbas
Pdk3
Cnn3
Anapc1
Pdpr
Usp36
Gpr89
Rab5b
Ptprg
Hmgcr
Acp1
Fam3c
Rit1
Vim
Nedd9
Nek6
Xpo4
Nrarp
Prkdc
Pcdhgc3
Tnfrsf19
Mamld1
Epb41l3
Dennd5a
Jrk
Prdx6
Pard6b
Mrip-ps
Gmds
Slc22a23
Sep-08
Osbpl9
Ebf3
Pitpnc1
Dtd2
Ubiad1
Arvcf
Rpl36al
Fn1
Cdc42ep4
Nsdhl
Fgd4
Slc7a5
Plpp3
Gm5601
Wscd1
Fzd1
2900026A02Rik
Eps15
Ppdpf
Gab1
Mthfd1l
Peg3
Rcan3
Srp54a
Heatr5a
Dnajc1
Gprc5b
Psph
Sox6
Otud3
Chst3
Rnf26
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10383.1097
194.4309451
1188.432462
363.6654546
11299.19304
558.8382518
661.0883395
930.9850973
955.5091556
645.0509556
913.4296773
2922.425076
1759.050662
661.8457116
305.2705641
417.638882
176.6691221
176.6691221
3711.070015
209.1730908
792.7074048
4325.010586
4143.061846
989.1373019
4932.2863
1618.392864
1957.438494
108.1819911
1440.997137
1302.892274
297.3241386
4001.414305
533.9814196
40.2005611
165.0086598
4103.075402
413.6365458
2176.613374
5926.600084
3045.525685
252.3757218
100.208717
1782.879755
43.73804783
32.42321916
1891.159122
336.3804237
90.576173
84.42895056
160.5550982
360.6269397
28.80040306
96.97882703
88.57563183
3165.465999
21.04907969
37.26265958
225.4071045
81.11465085
65.09526945
701.4561111
1385.23319
191.0234141

-0.453791297
-0.461166025
-0.475212577
-0.48003572
-0.506219521
-0.506571167
-0.507111531
-0.51916902
-0.554196226
-0.560808097
-0.572494875
-0.583591778
-0.591923602
-0.59354501
-0.610369332
-0.622327351
-0.622870057
-0.622870057
-0.625264286
-0.638296364
-0.640166435
-0.644430065
-0.648351333
-0.65650808
-0.669881663
-0.670766351
-0.67375409
-0.684448347
-0.709833695
-0.710266215
-0.723479394
-0.729924175
-0.742460987
-0.778085858
-0.794677031
-0.795262297
-0.799226384
-0.819358981
-0.830412415
-0.837001437
-0.837361485
-0.846013678
-0.87079233
-0.879197192
-0.901018202
-0.909251996
-0.91185111
-0.916445747
-0.936926351
-0.956823124
-1.013923921
-1.028627026
-1.028797275
-1.040020463
-1.106882703
-1.117050218
-1.119525679
-1.134945799
-1.159008998
-1.159778786
-1.177606693
-1.259760116
-1.270528212

0.00049073
0.0136483
0.03325827
0.00018083
1.18E-10
1.97E-06
0.00746459
0.01772682
0.01900667
0.0066165
4.91E-07
0.00299453
0.0088285
0.00013207
0.0033601
0.03325827
0.04068366
0.04068366
0.04894995
7.87E-06
0.00018083
0.00044141
0.00022565
0.00880721
0.0013518
0.01363546
0.00041923
0.00239365
2.59E-06
1.30E-05
0.04080074
1.14E-06
0.00010001
0.04894995
0.01134865
0.03473
0.04268147
1.75E-10
2.57E-11
0.01904681
0.00022264
0.02593971
0.00199036
0.0372942
0.03354227
1.56E-12
6.16E-05
0.01268144
0.00468783
0.00069847
0.0288633
0.01904681
8.51E-05
0.02839335
1.25E-06
0.02166928
0.00095405
6.08E-05
0.00055586
0.03922107
1.61E-09
0.01190591
0.00398993

Igfbp5
Efcab11
Dmd
Snapc1
Agrn
Slc2a13
Pcdh10
Arfgef3
Mcam
Nacc2
Litaf
Vcam1
Gm10182
Mfsd2a
Hopx
Tgm2
Gm8783
Gm15801
Tdg
Mxra7
Aldh4a1
Wnt7b
Cbl
Cbx3-ps6
Col2a1
Dbi
Nhlh1
Pqlc2
S1pr1
Tacc1
B3gat2
Sox9
BC067074
BC028528
Has2
Rps8
Camk2n1
Pgpep1
Notch1
Ndrg2
Fam69c
Gm20707
Atp1a2
Rassf10
Neto1
Aif1l
Kcnd2
Syt6
Coch
Abcb9
Emx2os
B3galt5
AC135633.1
Gm9923
Rps7
Ggt1
AC124712.1
Mmp17
0610040J01Rik
Mro
Slc27a1
Gm4202
Amd2

73.8580643
106.3437943
85.96216013
23014.12977
336.8194709
643.900013
562.8396518
18.74876075
771.4927413
1176.338671
468.4690302
154.4612891
34.22304397
125.7847998
333.7364138
112.3164907
69.32489172
257.8401061
331.5012282
164.351375
288.5191182
10289.88526
22.10933903
6.738177862
9.772123754
31.15763727
9.883463925
20.02247711
216.3672452
7.303121571
25.34112256
1283.846788
28.89136782
15.48654875
4.043401562
5.826331049
5.479843746
28.44392242
76.53770429
6014.602047
18.25844583
4087.478949
28.70178093

-1.33702153
-1.344692554
-1.393920266
-1.421655632
-1.461274708
-1.507531522
-1.543113046
-1.569069347
-1.583663228
-1.587186609
-1.608611153
-1.777392152
-1.781508478
-1.808296406
-1.901133137
-1.919730966
-2.031241464
-2.077019564
-2.098230117
-2.180526947
-2.23334642
-2.277794521
-2.314530677
-2.36436051
-2.785850362
-2.880248706
-3.319776207
-3.813137374
-4.034115713
-4.125401486
-4.415647495
-4.489299831
-4.584095811
-5.099336162
-5.301796262
-5.454156632
-5.8709553
-6.639634419
-6.768667836
-6.945920094
-7.316538593
-7.929889964
-42.4409336

0.01731048
0.0429677
1.03E-05
0.0088285
1.39E-63
0.00091359
0.03099637
0.04295239
1.75E-10
1.28E-06
0.00065402
0.04585199
0.01977046
0.00051347
2.31E-12
0.00849111
0.00147498
0.00035832
0.0372942
0.00013905
1.15E-09
0.01655838
0.00027327
0.0358929
0.03397073
0.00273592
0.0429081
3.22E-05
0.00117348
0.00404582
0.00228045
0.00051726
0.01363546
8.31E-05
0.0106003
0.00032102
0.01144783
8.17E-07
0.00153511
5.77E-13
5.65E-07
2.69E-13
3.84E-13

Aunip
Myh14
Epb41l4b
Rpsa
Mettl23
Mmd2
4833420G17Rik
AC124577.4
Plce1
Prelp
Lrrc75b
Gm10156
Ifnlr1
Ap3s1-ps1
Zfp277
Gm21967
2410018L13Rik
Kcnj10
Srp54a
Col9a3
AC149090.1
Rpl3-ps1
Gm9493
Tmprss5
Gm6257
Cd1d2
D230017M19Rik
Lrat
Gm8276
Ermn
Padi4
Gm3608
Gm12013
Hist1h2al
Gm15264
Gm43713
Gm15710
Gm45456
Eif3s6-ps2
Rps3a2
Gm8778
Rps3a3
Gm28900

Table 8.3.2. List of DE genes in E13.5 Sox9+/+;Sox1Cre/+ vs E13.5
Sox9fl/fl;Sox1Cre/+ samples.
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baseMean
8.00486513
6.71478229
117.524475
1156.61171
2249.07139
3577.50182
788.332255
626.624465
2474.3099
1256.75665
8870.39074
11063.721
3101.0124
1557.59465
817.94407
395.099216
1183.23184
3498.98813
5926.60008
1302.89227
1891.15912
4001.41431
11969.352
701.456111
62.1781729
336.819471
81.1146509
771.492741
68.1696772
257.840106
26.9174388
35.0718378
18.7487608
215.889612
22.6116248
70.0968405

log2FoldChange
padj
6.01188619 0.021936
3.87254511 0.00802608
0.96342441 6.45E-08
0.69633509 0.04288051
0.31318933 0.0430293
0.29540777 0.00034883
0.26461821 0.03563801
0.2479263 0.03840331
0.2290429 0.03400199
0.18846474 0.03400199
0.1182047 0.03400199
-0.212485 1.52E-05
-0.2510027 0.03400199
-0.2628165 0.01177745
-0.277971 0.01678222
-0.3294527 0.01731132
-0.3407578 0.00398898
-0.351081 0.00010052
-0.4448892 0.03020358
-0.5108593 0.03773738
-0.5634986 0.00087409
-0.7167776 1.28E-05
-0.7438934 0.01023922
-0.7559531 0.00802608
-0.9000636 0.03563801
-0.9812472 1.64E-24
-0.9880987 0.04650349
-1.2246756 2.57E-05
-1.3468963 0.02330877
-1.6938901 0.04680263
-1.9310491 0.03563801
-2.4543926 0.04288051
-2.4804575 0.00855979
-2.9474455 9.88E-06
-4.6891153 0.03563801
-22.260728 4.69E-08

external_gene_name
Gm6644
4933434M16Rik
AC099934.6
Sdk2
Foxn3
Prr36
Amer2
Slc4a8
Tfdp2
Rnf169
Rnf10
Cnn3
Epb41l3
Txndc9
Cntln
Pinx1
Nsdhl
Arvcf
Notch1
Tacc1
Aif1l
Sox9
Hmgb1
Slc27a1
Gm16973
Mettl23
0610040J01Rik
Plce1
2810429I04Rik
Kcnj10
Gm17383
Mrpl23
AC124577.4
Gm10524
Gm44429
Gm10222

Table 8.3.3. List of DE genes in E13.5 Sox9+/+;Nestin-Cre vs E13.5 Sox9fl/fl;
Nestin-Cre samples.
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