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ABSTRACT
OLENA V. TARANOVA: Genetic analysis of Sox2 function in mouse neural
progenitors
(under the direction of Dr Larysa Pevny, PhD)
Cells of the nervous tissue that preserve the capacity to divide and differentiate in neurons and
glia are defined as neural progenitor cells (NPCs). Within central nervous system (CNS) the NPCs
express SOX2, a protein of SoxB1 subgroup of HMG-box superfamily of transcription factors. To
address function of SOX2 in vivo we used gene targeting in embryonic stem cells to engineer a
conditional null (Sox2cond) and two hypomorphic (Sox2IR and Sox2lP) alleles of the mouse gene.
Sox2cond allows removal of the SOX2 coding sequence using CRE recombinase while Sox2IR and
Sox2lP alleles sustain gene expression at 20-40% and 15-30%, respectively, of the level in wild-type
mice.
To address the development of NPCs in vivo we focused on mouse retina, an essential part of the
vision system. As an isolated and well-defined structure of CNS, retina became a well-characterized
model for studies of molecular mechanisms of neurogenesis. Conditional ablation of Sox2 in the
mouse retina results in the complete loss of neural progenitor competence, so that Sox2-null cells do
not contribute to the dividing progenitor population and do not differentiate into neurons or glia.
Lowering the levels of Sox2 expression below 50%, achieved in compound hypomorphic-null animals
restricts the capacity of retinal NPCs, resulting in aberrant neuronal differentiation evident from
disruption of retinal nuclear laminas and malformed neuritic connections. Our findings demonstrate
furthermore that SOX2 activity has wide effect on gene expression. In particular it is required for
expression of proneural genes and, in a concentration dependent manner, Notch pathway genes in
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retinal progenitors. Collectively, these studies reveal an essential dosage-sensitive regulation of neural
progenitor competence by SOX2.
We show here that SOX2 is uniquely required for mouse retina development. SOX2 is mutated in
about 10% of anophthalmia or severe microphthalmia cases in humans (Fantes, Ragge et al. 2003).
The current study demonstrates a similar phenotype in Sox2 mutant mice, hence, supplying a mouse
model for the analysis of developmental defects in SOX2 anophthalmia syndrome.
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Chapter1
Introduction

The purpose of this project is to examine the function of SOX2 in neural progenitor cells
(NPCs)using mouse genetics. SOX2 is a DNA-binding protein of the HMG-box domain superfamily.
Based on its primary structure it belongs to the B1 subgroup of SOX family of the sequence specific
HMG-box proteins, that in mouse and humans consists of SOX1, SOX2 and SOX3. NPCs are cells of
the nervous tissue that possess the capacity to replicate and differentiate producing the neuronal and
glial cell types, however their self-renewal and differentiation capacity varies. NPCs are generated
during neural induction from the embryonic ectoderm and initially form a continuous sheet of neural
tissue, the neural plate, that spreads along the anterioposterior axes of the embryo. During
development the cells of the neural plate divide, migrate and gradually differentiate to form neurons
and glia of the adult central nervous system (CNS). The number of NPCs is depleted during the
maturation with only a small population remaining in the adult organism.
The following distinctive features of SoxB1 genes suggest that they play important role during
CNS development. First, the proteins of SoxB1 subgroup appear to be evolutionary conserved.
Second, they identify neural progenitors from distinct regions and stages of nervous system ontogeny
in all multicellular organisms and are downregulated upon their exit from cell cycle and
differentiation. Third, the above characteristics of their expression pattern, and results from
overexpression and dominant interference studies in cell culture and chick neural tube, have
suggested that maintenance of SOXB1 preserves the NPCs in an undifferentiated proliferative state,
while reduction of SOXB1 function results in exit from cell cycle. However, specific function of
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SOX2 in NPCs has not been demonstrated in vivo and little is known about contributing molecular
mechanisms.
Mouse genetics provides a number of tools to manipulate gene expression in the context of the
otherwise intact mammalian organism. The basic approach used to address the function of an
unknown gene is generation of a loss of function mutation. Sox2-null homozygotes die at the
perimplantation stage before specification of neural progenitors and thus precluding analysis of SOX2
function in the CNS (Avilion, Nicolis et al. 2003). Furthermore, three regulatory mutations in mouse
Sox2 locus have previously been described. However, the overlapping expression of the three close
homologs SOX1, SOX2 and SOX3 in the majority of mouse CNS progenitors cells (Collignon,
Sockanathan et al. 1996; Pevny, Sockanathan et al. 1998; Wood and Episkopou 1999; Weiss, Meeks
et al. 2003; Rizzoti, Brunelli et al. 2004; Tanaka, Kamachi et al. 2004) has complicated evaluation of
the specific role of SOX2 in neural progenitor populations (Avilion, Nicolis et al. 2003; Ferri,
Cavallaro et al. 2004).
SOX2, and not SOX1 and SOX3 is, however, selectively expressed in retina, an isolated
specialized part of the CNS located in the eye (Kamachi, Uchikawa et al. 1998; Le, Rayner et al.
2002; Uchikawa, Ishida et al. 2003). As in other parts of CNS, retinal neurons and glia develop
through a number of consecutive differentiation steps from multipotent neural progenitor cells of the
neural plate. Several features: defined cellular architecture, well-characterized differentiation pattern
during development and a panel of molecular markers available for both progenitors and mature cell
types make the retina a convenient model system for the analysis of molecular mechanisms of NPCs
differentiation. Recently discovered association between Sox2 mutations and eye disorders in humans
(Fantes, Ragge et al. 2003) brings additional interest to its role in eye development and generation of
additional mouse mutations may provide a model for the analysis of human developmental defects.
Thus to circumvent the above-mentioned difficulties, the early lethality of the null mutants and
potential redundancy of SoxB1 family members, we generated conditional and hypomorphic alleles
of mouse Sox2 gene and focused our analysis on the role of SOX2 in NPCs of the retina.
2

Cellular organization of the mature retina
Architecture of mammalian retina
Being part of the eye, the sensory organ of the visual system, the retina receives visual
information through specialized neurons, photoreceptors, and performs its initial analysis before
transferring it to higher processing centers within the brain. To execute its functions the retina
contains a number of cell types present in CNS, including sensory neurons, projection neurons,
interneurons and glia. The network of retinal cells is organized in a well-defined structure. The mouse
retina is an approximately 0.5 mm thick layer of neural tissue that lines the inner surface of the eye
(Figure 1-1A,B). As revealed on the radial sections (Figure 1-2B,C) cell bodies in all vertebrate
retinas are localized to three layers: outer nuclear layer (ONL), inner nuclear layer (INL) and
ganglion cell layer (GCL). Distinct retinal cell types are found in stereotypical locations within the
retinal layers and are relatively well defined morphologically and molecularly (Figure 1-1D). The
central retina is considerably thicker than the peripheral retina in all layers except photoreceptor
ONL. Increase in cell density is due to increase in number of interneurons, ganglion cells and their
axons coursing to the optic nerve in the nerve fiber layer (NF) (Jeon, Strettoi et al. 1998) (Allen C. Ho
(Editor) 2003).
Before leaving the retina the information received by photoreceptors is processed extensively by
the synaptic circuits of retinal interneurons. Within the retina synaptic connections are predominantly
localized to two synaptic layers the outer plexiform layer (OPL) and the inner plexiform layer (IPL).
In the narrow OPL, located between the outer and inner nuclear layers the photoreceptors synapse on
the vertically running bipolar cells and horizontally oriented horizontal cells. The IPL, located
between the INL and GCL, is more elaborate and containing multiple synaptic connections between
interneurons as well as interneurons and retina projection neurons, the retinal ganglion cells. The
neuropil of the IPL has been arbitrarily divided into 5 synaptic strata by Cajal (1892). Superimposed
upon Cajal's five strata is a sublaminar division of the IPL. The first two strata, 1-2, are known as
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“sublamina a” of the IPL while strata 3-5 are known as “sublamina b” by this scheme (Allen C. Ho
(Editor) 2003) (Figure 1-1E).
Neurons of mammalian retina
The outer nuclear layer, the layer located against the pigmented epithelium and choroid, contains
cell bodies of the photoreceptors rods and cones (Figure 1-1D,E). The photoreceptors use L-glutamate
as a neurotransmitter. In mouse 97.2% of all the photoreceptors are rods, and 2.8% are cones with the
average density of about 437,000 cells/mm2 for rods and 12,400 cells/mm2 for cones (Jeon, Strettoi et
al. 1998). Cones come in two types in mouse, and are robust conical-shaped cells with cell bodies
situated in a single row, or forming oblique columns right below the outer limiting membrane (OLM)
and their inner and outer segments protruding into the subretinal space towards the pigment
epithelium. Rod photoreceptors make up to 70% of cells in the retina (Young 1985) (Jeon, Strettoi et
al. 1998). These are slim rod-shaped cells with their inner and outer segments filling an area between
the larger cones in the subretinal space and stretching to the pigment epithelium cells. Rod cell bodies
make up the remainder of the outer nuclear layer below the cone cell bodies. Apical processes from
the pigment epithelium envelope the outer segments of both rods and cones.
The inner nuclear layer contains the cell bodies of three types of interneurons (the bipolar,
horizontal and amacrine cells) as well as of Muller glia cells. The relative numbers of cells in INL of
the adult mouse retina are estimated to be about ~41% for bipolars, 39% for amacrines, 16% for
Muller cells, and 3% for horizontal cells. Within this layer elongated nuclei of Muller cells form an
almost continuous horizontal row separating the somata of the sclerally located bipolar and horizontal
cells from the amacrine cell, mostly positioned at the vitreal side of the inner nuclear layer. (Jeon,
Strettoi et al. 1998) (Young 1985) (Figure 1-1D). The bipolar excitatory interneurons connect with
their dendrites to photoreceptors in the OPL while their axonal endings bring information to the
neuropil of the IPL. There are two main types of bipolar cells (Figure 1-1E). Rod bipolar cells
connect approximately 15-30 rods to amacrine cells (mostly AII type) and are all of a similar
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morphology. Cone bipolar cells are diverse and can be subdivided in two major groups: diffuse cone
bipolars with dendrites spread over a wide field and the midget bipolar cells that contact a single
cone. Horizontal inhibitory neurons interconnect photoreceptors laterally across the plane of the OPL.
The majority of mammalian retinas have two types of horizontal cell, the A-type horizontal cell that is
large with radiating dendrites covering a wide field and have no axon and the B-type with a smaller
bushier dendritic tree and an axon that travels 300 µm or more before ending in a huge expansive
axon terminal tree. B-Type cells can often be identified with antibodies against calcium binding
proteins and y-aminobutyric acid (GABA) neurotransmitters and are the only horizontal cells detected
in the mouse retina (Suzuki and Pinto 1986; Peichl and Gonzalez-Soriano 1994) (Allen C. Ho
(Editor) 2003) (Masland 2001; Allen C. Ho (Editor) 2003) (Figure 1-1E).
There are about 30 different types of amacrine cells in the mammalian retina (MacNeil and
Masland 1998) (Figure 1-1E). The amacrine cells, named so because they are thought to lack an axon
(Cajal 1892 The Structure of the Retina.), are classified based on neurotransmitters, morphological
characteristics of the dendritic tree such as size, branching characteristics and on the stratification of
their dendrites in the IPL. The major subdivision is into glycinergic amacrine cells and GABA-ergic
amacrine cells, with each comprising approximately half of the amacrine cell population. Glycinergic
amacrine cells are mostly small-field amacrine cells (Menger, Pow et al. 1998). They include at least
ten different morphologic types, among which the best-studied groups are AII, A2 and A8 amacrine
cells. AII amacrine cells, the crucial interneurons in the rod pathway, are narrow field amacrine cells
with synapses in two IPL sublaminas. AII are primarily postsynaptic to rod bipolar axon terminals in
lower sublamina b with the major output upon ganglion cells that have dendrites only in sublamina a.
GABAergic amacrine cells are wide-field amacrine cells and include probably about 20 different
morphologic types, such as A17, A19 and A22 (MacNeil and Masland 1998). In addition to GABA
they contain other neuroactive substances, such as serotonin in A17 and substance P in A22.
Dopaminergic (A18) and cholinergic amacrine cells (starburst cells) are also present in the mouse
retina (Jeon, Strettoi et al. 1998). Interestingly the starburst amacrines occur as two mirrored
5

symmetric pairs of cells. One type, ACh-a type, has its cell body in the amacrine cell layer and its
dendrites in sublamina a. The other type, ACh-b type, has a cell body displaced to the ganglion cell
layer and its dendrites in sublamina b (Masland 2001; Allen C. Ho (Editor) 2003).
The ganglion cell layer (GCL) lies innermost in the retina, closest to the lens and at the front of
the eye. It contains cell bodies of ganglion cells and displaced amacrine cells. The average density of
neurons in the mouse ganglion cell layer is ~8200 cells/mm2. Of these, ~41%, or 3300 cells/mm2, are
indeed ganglion cells. Displaced amacrine cells appear to be mostly immunoreactive for GABA, and
the majority appears to be cholinergic amacrine cells (about 19.5% of all the displaced amacrines)
(Jeon, Strettoi et al. 1998). The number of retinal ganglion cells is quite variable between mouse
strains (estimated difference is about 11% of total cell density) (Jeon, Strettoi et al. 1998). Ganglion
cells are the final output neurons of the vertebrate retina that collect the processed information from
the photoreceptors. Ganglion cells are larger on average than retinal interneurons and have large
diameter axons that extend to the recipient areas of the brain. The ganglion cells are classified into the
different types by cell body size, dendritic tree spread, branching patterns and level in the strata of the
IPL. In human retina the main ganglion cell types are the P cells (midget ganglion cells) because of
their projection to the parvocellular layers, and M cells (parasol ganglion cells) because of their
projection to the magnocellular layers of the lateral geniculate nucleus. Classification in mouse is still
controvercial and recent studies identify about twelve morphological types (Masland 2001; Sun, Li et
al. 2002; Kong, Fish et al. 2005). The axons of ganglion cells form the nerve fiber layer on the
innermost surface of the retina. The optic nerve contains ganglion cell axons running to the brain and,
additionally, incoming blood vessels and glial cells (Allen C. Ho (Editor) 2003).
Glial cells of mammalian retina
The retina contains three types of glial cells. Muller cells are the radial glial cells of the retina
with their cell bodies located in INL. These are the principal glial cells of the retina that form
architectural support structures stretching radially across the thickness of the retina. The adherent
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junctions between Muller cells and photoreceptor cell inner segments form the outer limiting
membrane of the retina and the inner limiting membrane (ILM) of the retina is likewise composed of
laterally contacting Muller cell end feet and associated basement membrane constituents. The OLM
forms a barrier between the subretinal space, into which the inner and outer segments of the
photoreceptors project to be in close association with the pigmented epithelial layer behind the retina,
and the neural retina proper. The surface of the Muller cell facing the pigmented epithelium and
subretinal space is expanded by many projections of the Muller cell membrane known as apical villi.
The ILM is the inner surface of the retina bordering the vitreous humor and thereby forming a
diffusion barrier between the neural retina and the vitreous humor. Muller cell processes insinuate
themselves between cell bodies of the neurons in the nuclear layers, and envelope groups of neural
processes in the plexiform layers. In fact, retinal neural processes are only allowed direct contact,
without enveloping Muller cell processes, at their synapses. Muller glia fuel aerobic metabolism in
the nerve cells, control homeostasis and protect neurons from exposure to excess neurotransmitters
and deleterious changes in their ionic environment (Allen C. Ho (Editor) 2003). Based on their
molecular markers Muller glia are most closely related to the retinal NPCs (Blackshaw, Harpavat et
al. 2004).
Astrocyte cell bodies and processes are almost entirely restricted to the nerve fiber layer.
Astrocytes are not derived from the retinal neuroepithelium but enter the developing retina from the
brain along the developing optic nerve (Stone and Dreher 1987) (Wechsler-Reya and Barres 1997).
They have a characteristic morphology of a flattened cell body and a fibrous series of radiating
processes that changes from extremely elongated near the head of optic nerve to a symmetrical
stellate form in the far peripheral retina. Astrocytes align along the ganglion cell axons coursing
through the nerve fiber layer and reach their peak number on the optic nerve head with a fairly
uniform decline in density in radiating rings from the nerve head. The blood vessels running in and
among the ganglion cell bundles are also covered by the astrocytes. The location of astrocytes
enveloping ganglion cell axons and their relationship to blood vessels of the nerve fiber layer suggests
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they are axonal and vascular glial sheaths and part of a blood-brain barrier. Similar to Muller cells,
they are known to contain abundant glycogen and they may form a nutritive service in providing
glucose to the neurons. In addition they serve a role in ionic homeostasis in regulating extracellular
potassium levels and metabolism of neurotransmitters (Allen C. Ho (Editor) 2003).
The third retinal glia type, the microglia are rare but found in every layer and have atipical,
multipolar morphology with small cell bodies and irregular short processes. Microglia is supposedly
of mesodermal origin and generally divided into two types. The first type enter the retina during
embryonic development from the optic nerve mesenchyme coincident with retinal blood vessels and
lie dormant in the retinal layers for much of its life. The second type of microglia expresses specific
macrophage markers and appear to be blood-borne cells. Microglial cells play an important role in
host defense against invading microorganisms, immunoregulation and tissue repair. Both types can be
stimulated into a macrophagic function on trauma to the retina, and then they engage in phagocytosis
of degenerating retinal neurons (Zhang, Lam et al. 2005).

Generation of retinal neural progenitors in vertebrate
Neural induction
In vertebrates neural progenitor cells differentiate from the ectodermal germ layer during
gastrulation as a morphologically distinct sheet of columnar epithelium, the neural plate. Formation of
the neural plate is known as neural induction. The mouse embryo at E5 is composed of two layers, the
primitive endoderm and the ectoderm or epiblast that serves as the founder population of all tissues of
the adult. Gastrulation begins at about E6.5 with formation of the primitive streak: the ectoderm loses
its epithelial morphology and invaginates to produce mesoderm that moves anterior creating the third
embryonic layer (Figure 1-2A, E7). The anterior end of the primitive streak also known as the node
acts as the organizing center, that emanates the signals required for patterning of the embryo as well
as specification of neural progenitor cells from the ectoderm (Zernicka-Goetz 2002).
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Mouse fate mapping studies have shown that the precursor population of neural progenitors is
localized to the anterior distal tip of the streak stage embryo. The most widely accepted view of the
molecular mechanism regulating neural induction is referred to as the “default model”. Based on
results obtained in Xenopus, it proposes that neural induction occurs by attenuation of the molecular
signaling cascades that otherwise are initiated by the organizing center in the ectoderm and lead to
epidermal differentiation. The example is inhibition of the activity of Bone Morphogenic Proteins
(BMPs), the extracellular molecules of Transforming Growth Factor ß (TGFß) family, in the putative
neural progenitors by their antagonists chordin, noggin and follistatin expressed in organizing center.
The proteins of TGFß-family bind and activate transmembrane receptors of serine/threonine kinase
type and initiate signaling cascade that leads to activation of transcription regulators of Smad family.
It has also been demonstrated that neural tissue is formed only at very low levels of activity of Smads
(De Robertis and Kuroda 2004). A requirement for Bmp antagonists to generate neural fate is not as
firmly established in chick and mouse embryos (Bachiller, Klingensmith et al. 2000),(McMahon,
Takada et al. 1998).
A number of other extracellular signaling molecules have been implicated in establishing neural
fate. These include the fibroblast growth factors (FGFs) a large class of secreted diffusible
glycoproteins that bind to the of transmembrane tyrosine kinase receptors (FGFRs) to mediate their
effects(Hongo, Kengaku et al. 1999). Experiments with FGF alone (Delaune, Lemaire et al. 2005)
receptor antagonists (Wilson, Graziano et al. 2000)and dominant negative FGF receptors (Launay,
Fromentoux et al. 1996) (Sasai, Lu et al. 1996) demonstrated that FGF signaling is required for neural
induction (De Robertis and Kuroda 2004). It has been also demonstrated that neural marker
expression can be induced in the ectoderm through antagonising of WNTs, the glycoproteins that
once secreted, associate with extracellular matrix and are lipid bound to the cell surface. WNTs bind
to members of the Frizzled family of the 7-transmembrane-domain cell surface receptors. The coreceptor low density lipoprotein receptor-related protein (LRP) initiate the so-called canonical
signaling cascade that inhibits the degradation of ß-Catenin and activates transcription factors of
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Lymphoid enhancer-binding factor / T-cell-specific transcription factor (LEF/TCF) family (Miller
2002). The secreted Frizzled–related proteins (sFRPs) are expressed by Xenopus organizer (sFRP3,
Crescent and sFRP2) (Pera and De Robertis 2000) and also were found to cause differentiation of
mouse embryonic stem cells into neurons (sFRP2) (Aubert, Dunstan et al. 2002).
Formation of neural plate includes morphological changes including columnarization of the
ectodermal epithelium and thickening on the edges to form the neural folds. The columnar epithelium
of the mammalian neural plate consequently undergoes apicobasal cell elongation and becomes a
pseudostratified epithelium where each cell extends from the apex to the base of the epithelium, but
nuclei are positioned at different levels. Neuroepithelial cells divide throughout neurulation. As they
do this, they undergo interkinetic nuclear migration, synthesizing DNA while the nucleus of each cell
moves toward the base of the epithelium, and rounding up for mitosis at the apex of the epithelium.
Each daughter cell then extends a process toward the base of the epithelium, translocating its nucleus
basally as it does so and re-entering the mitotic cycle (Schoenwolf and Smith 1990).
Anterior - posterior patterning of the neural plate
A combination of cell autonomous and non-autonomous mechanisms acts on neural progenitors
to specify their regional identity. Within the embryo the anterior-posterior (AP) axis emerges prior to
and during gastrulation. At the egg cylinder stage the rostral tip of the mouse embryo is defined by its
proximity to the extraembryonic cell population, the anterior visceral endoderm (AVE) (Beddington
and Robertson) and the primitive streak specifies the caudal side. The anterior part of the neural plate
is specified proximal to the AVE (Figure1-2, E7.5). Though no head inducing signals were identified,
the observed AVE effect has been explained through shielding of anterior cells from caudalizing
signals. For example, genes such as Cer1, and Lefty1, which encode antagonists of TGFß signalling,
are expressed in the AVE and activity of these factors may restrict primitive streak-inducing signals
to the posterior epiblast (Kimura, Shen et al. 2001).
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Within the neural plate the identified caudalizing signals include Wnts, FGFs and retinoic acid
(RA). It appears that cells located proximal to the AVE at the anterior border of the neural plate (also
referred to as the anterior neural ridge) become a source of signals that promote anterior neural plate
gene expression (Echevarria, Vieira et al. 2003). For example, the expression of WNTs is initiated in
neural plate domains caudal to the prospective forebrain, while the Wnt antagonists, such as Dkk1,
are secreted from cells around the anterior margin of the rostral neural plate. The prospective
forebrain structures, including eyes are specified in regions with low or no Wnt activity (Wilson and
Houart 2004).
In mouse around E7.0 the optic field can be identified only by expression of molecular markers
and/or analysis of the cell fate in chimeric animals (Chow and Lang 2001) (Figure1-2A). These
experiments demonstrate that the future retinas originate from a common pool of progenitor cells that
congregate at the future midline at E7 - E7.5 and are split into two populations, so that there is a
strong correlation between the percentage of chimerism in right and left retinas (Goldowitz, Rice et
al. 1996). Telencephalic precursors are located rostral (subpallial) and lateral (pallial) to the optic
field, adjacent to the anterior and lateral margin of the neural plate. Diencephalic precursor cells are
located caudal to the eye field (Wilson, Graziano et al. 2000). Thus, similar molecular mechanisms
are involved in specification of NPCs of the retina and forebrain.
Specification of the eye field NPCs within anterior neural plate
An accepted hypothesis for eye field formation is regionalization of the anterior neural plate by
signaling molecules secreted by surrounding anterior structures that induce restricted expression of
homeobox genes, such as Rx and Pax6 essential for eye development (Figure1-2C).
Several extracellular signaling pathways have been implemented into specification of eye fields.
In zebrafish two branches of the Wnt pathway have very different effects on eye formation. High
levels of Wnt/ß-catenin signaling are required for the acquisition of caudal diencephalic fate and
antagonize eye induction. Wnt11 signaling within the eye field promotes eye formation, at least
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partially, by antagonizing the Wnt/ß-catenin pathway. In addition, Wnt11 signaling affects the
adhesion properties of eye field cells, potentially contributing to the coordinated morphogenetic
behaviors of cells in the nascent eye field (Cavodeassi, Carreira-Barbosa et al. 2005). Overexpression
of Frizzled receptors in both Xenopus (Rasmussen, Deardorff et al. 2001) and in zebrafish
(Cavodeassi, Carreira-Barbosa et al. 2005) can lead to induction of ectopic eyes. Influence of FGFs,
RA and TGFß signaling on eye field induction was also examined primarily in Xenopus. It has been
shown that downregulation of the FGFR2 signaling is required for optic field specification while
upregulation of the FGFs prevents cells of the anterior neural plate from acquiring the optic field fate
(Moore, Mood et al. 2004). RA exposure disrupts the morphogenetic transformation of a part of the
diencephalon into the eye (Eagleson, Johnson-Meeter et al. 2001). Though suppression of high levels
of BMP activity is an important step in the establishment of the prospective neural plate, within the
forming neural plate, lower levels of graded Bmp activity contribute to the initial establishment of
lateral (marginal) to medial pattern and at least in fish and frog embryos, specific thresholds of BMP
activity appear to be required for establishment of dorsal eye (Barth, Kishimoto et al. 1999;
Hammerschmidt, Kramer et al. 2003).
Eye-field transcription factors Otx2, Rx, Six3 and Pax6 are essential for eye formation. Initially
some of these genes are expressed throughout anterior embryo or neural plate. Otx2 is one of the
earliest genes expressed in the anterior region of the embryo and is essential for induction of the eye
field (Zuber, Gestri et al. 2003). Otx2 is required for the formation of the entire anterior neural region.
Homozygous Otx2-knockout embryos have gastrulation defects and die at midgestation (Acampora,
Mazan et al. 1995). In humans O t x 2 heterozygous loss-of-function mutations cause ocular
malformations (Ragge, Brown et al. 2005). Another essential eye field gene, Rx is activated in the
entire anterior neural plate at E7.5, yet by E10.5 it is confined to the retinal neuroepithelium and the
ventral forebrain. Rx might have a unique role in the specification of the retinal progenitors.
Embryonic stem cells can be specified to form retinal cells by ectopic expression of Rx (Tabata,
Ouchi et al. 2004). Rx-/- embryos have no visible eye structures. The abnormal phenotype of these
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embryos is apparent as early as E8.5 by the failure to form the optic pit and sulci that give rise to the
optic cups. The optic field specification fails in Rx-/- mice and the region where the optic vesicles
would have formed is marked by the absence of Pax6, Six3, and Otx2 expression (Zhang, Mathers et
al. 2000). Rx is mutated in Eyeless1 mouse mutant. Mutations in human Rx cause anophthalmia and
sclerocornea (Voronina, Kozhemyakina et al. 2004). Six genes are vertebrate homologues of the
Drosophila homeobox-containing gene sine oculis (so). Six3 and Six6 genes are expressed in an
overlapping domain, more restricted and delayed for Six6, that comprises the prospective eye field
and diencephalic ventral derivatives, where their expression is maintained at later stages (Zuber,
Gestri et al. 2003). Six3 is required for development of the mammalian rostral forebrain. The absence
of Six3 results in forebrain truncations up to the midbrain and posteriorization of the remaining
mutant head with no eye or nose structures (Lagutin, Zhu et al. 2003). In human, Six6 has been
associated with anophthalmia and pituitary defects (Gallardo, Lopez-Rios et al. 1999).
PAX6 is thought to play a major role in eye development that is conserved in such distant
organisms as mouse and Drosophila (Marquardt and Gruss 2002). The Drosophila homologue of
Pax6, eyeless (ey), is essential for eye formation (Quiring, Walldorf et al. 1994). Other Drosophila
Pax6-like genes, Eye gone (eyg) and Twin of Eyegone (toe), Twin of Eyeless (Toy) might act in
parallel to ey during eye formation (Jang, Chao et al. 2003). Pax6 is induced in optic fields and
persists in entire optic vesicle and early optic cup (Walther and Gruss 1991). Homozygous mouse or
rat Pax6Sey mutants are anophthalmic and die at birth. Optic vesicles are present in Pax6Sey/Sey mutants
but fail to constrict proximally, resulting in the persistence of a luminal optic stalk. Eventually, a
structure that resembles the optic cup does form, although there is no indication of differentiation in
the presumptive neural retina or RPE, and both layers appear identical (Grindley, Davidson et al.
1995). PAX6, however, does not appear to be required for the maintenance of retinal identity in these
experiments, as expression of Rx, Six3, Six6, and Lhx2 was not lost in Pax6-deficient neural retina
tissue (Marquardt, Ashery-Padan et al. 2001). Heterozygous Pax6 mutations in humans result in
blindness, aniridia, colobomas and cataracts (Glaser, Jepeal et al. 1994).
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Patterning of the optic vesicle
During the formation of the optic fields and invagination of the optic vesicle axial patterning
establishes domains of neural progenitors within the optic cup giving rise to specific eye structures. It
has been suggested that retina formation is a default setting for optic field progenitors. Patterning of
the optic vesicle as of the other regions of the vertebrate nervous system is largely dependent upon
ventrally derived Shh and dorsally derived TGFß signals as well as retinoic acid (RA), and FGF
signaling cascades.
Patterning begins in the optic field with its separation on the midline (Figure1-2C). At E8 the two
optic fields first separate on the midline and become recognizable as a slightly thickened indentation
(Figure1-2B, E8), while extension and bending of the neural plate results in formation of the neural
groove. The expression of optic field specific genes is downregulated on the midline before the
formation of the optic vesicles (Muller, Albert et al. 2000). Signals that promote the division of the
eye field emanate from the prechordal mesoderm that is located under the anterior neuroectoderm. In
frogs, this midline signaling seems to suppress retinal fate (Li, Tierney et al. 1997). In zebrafish the
mechanism of eye field separation appears to be different in that the neural cells initially located
posterior to the eye field migrate anteriorly and divide the eye field into two optic primordia (Varga,
Wegner et al. 1999). Mutations in genes that are involved in this midline signaling such as ndr2 or
sonic hedgehog (Shh) lead to lack of separation of the two domains and to the formation of cyclopic
embryos (Chiang, Litingtung et al. 1996).
As the cephalic neural folds begin to fuse, the optic fields increase and protrude laterally forming
the optic pits (invaginations of the prospective third ventricle) (Figure1-2B, E8.5). The optic pits are
connected by a pair of shallow groves in the neural ectoderm, the optic sulci in the region of the
future optic chiasm. Closure of the cephalic neural folds (E9) results in the formation of optic vesicles
connected to the forebrain through the optic stalks with extremely diffuse boundary between the two
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at this stage. By 9.5 the diameter of optic stalk progressively narrows, while that of the optic vesicle
increases (Figure1-2B, E9.5).
Formation of the optic vesicle and optic stalk establishes the dorsal-ventral axis of the developing
eye (Figure1-2D). Sonic hedgehog, derived from the axial midline promotes formation of the most
ventral structure, the optic stalk (Marti and Bovolenta 2002). Shh directly downregulates Pax6
expression (Ericson, Rashbass et al. 1997). The boundary between the presumptive optic stalk and
neural retina may form as a result of reciprocal transcriptional repression between PAX6 and another
member of PAX protein family PAX2 (Dressler, Deutsch et al. 1990; Schwarz, Cecconi et al. 2000).
Pax2 is normally expressed throughout the optic vesicle and stalk at E9.5, but then becomes confined
to the optic stalk at older ages and may act downstream of Shh signaling (Nornes, Dressler et al.
1990). Mutations of Pax2 result in coloboma (failure to close) of the ventral fissure of the eyes, an
extension of the RPE into the optic nerve region, and a failure of optic chiasm to form (Sanyanusin,
Schimmenti et al. 1995; Torres, Gomez-Pardo et al. 1996). Another set of transcription factors
differentially expressed in dorsal and ventral optic vesicle, the Ventral anterior homeobox (Vax)
genes 1 and 2 normally act in concert to ventralize the optic stalk, and they achieve this through
repression of the Pax6 gene. In Vax1/Vax2 double-mutant embryos the optic nerve is transformed into
retina (Bertuzzi, Hindges et al. 1999) (Mui, Hindges et al. 2002) (Figure 1-2D).
Specification of retinal NPCs within the optic cup
Major morphological changes occur in the developing mouse eye between E9 and E10 leading to
formation of the optic cup (Figure1-2D). The growth of optic vesicle displaces the cephalic
mesenchyme at about the 20-25 somite pairs stage (E9) that puts it in direct contact with surface
ectoderm. The contact induces a lens placode, a localized thickening of the overlying surface
ectoderm. The ectodermal placode and the optic vesicle invaginate during E9.5–E10 forming
respectively the lens pit and the inner layer of the optic cup. The inner part of the optic cup develops
as the neural retina, while the outer layer is formed by RPE (Figure1-2B,D).
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Transforming optic vesicles are surrounded by the surface ectoderm and periocular mesenchyme.
The surface ectoderm is the source of FGF signaling (FGF1, FGF2) (Pittack, Grunwald et al. 1997). It
also activates autocrine FGF signaling within the presumptive neural retina around the time of close
contact (Nguyen and Arnheiter 2000). FGF receptors as well as FGF8, FGF9 and FGF15 are
expressed in the optic vesicle. FGF signaling activates neural retina specification and inhibits
formation of RPE. The retina maintains columnar epithelium morphology and becomes four times
thicker than the outer layer at E10. FGF signaling later in retinogenesis plays important roles in
patterning the optic cup and cell-fate decisions in the retina (Zhao, Hung et al. 2001).
The periocular mesenchyme expresses the ligands of the TGFß family, such as Activin-A while
TGFß receptors are present in the optic vesicle and their activation induces the most dorsal region of
optic vesicle development into the RPE that folds over the entire optic cup. The periocular
mesenchyme promotes expression of genes normally expressed in RPE such as Microphthalmiaassociated transcription factor (Mitf) and suppresses the neural retina markers Chx10, Pax6, and Six6
(Yang 2004). At E10 the cells forming RPE become distinguishable by their cuboidal morphology.
First pigmented granules are observed in the RPE at E11.5 (Figure1-2, E11.5). Pax6 expression is lost
from the developing RPE at the late optic cup stage, however expression of Otx2 is maintained in the
RPE throughout adulthood (Simeone, Puelles et al. 2002). Otx1-/-;Otx2+/- mice show consistent eye
abnormalities with retina being dysplastic and folded and the RPE being replaced by a thickened
neuroepithelium(Martinez-Morales, Signore et al. 2001).
It has been suggested that BMP signaling is necessary to organize the critical region where the
stalk, neural retina and RPE meet. BMP4 expression is detected in the dorsal optic vesicle, in the
dorsal retina and ventral RPE at the optic cup stage (Sakuta, Suzuki et al. 2001). BMP2 and BMP7
are also expressed in the ocular region. BMP receptors are primarily concentrated in the ventral
portion of the optic cup (Adler and Belecky-Adams 2002).
Continuous with the indentation of inferior-distal optic vesicle, invagination of the optic stalk
forms the choroid fissure, a groove on its ventral side that runs from the optic cup to the junction with
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the neural tube and closes at E14.5 (Figure1-2B, E11). The ventral half of the optic stalk invaginates,
differentiates into glial cells, and forms the tissue through which retinal ganglion cell axons project,
while the dorsal half of the optic stalk gives rise to the non-neural tissue that eventually encases the
optic nerve. Experiments in zebrafish and mice have provided evidence suggesting that retinoic acid
plays a role in establishing ventral polarity and invagination within the developing optic cup. This is
illustrated by the ability of RA-soaked beads to induce a secondary choroidal fissure in any region of
the zebrafish optic cup (Hyatt, Schmitt et al. 1996). Expression studies have shown presence of genes
involved in retinoid synthesis in the ventral retina (Grun, Hirose et al. 2000; Li, Wagner et al. 2000;
Suzuki, Shintani et al. 2000). RA receptor loss-of-function mutant Rxr-/- mice are characterized by a
reduction in size of the ventral retina and by the failure of the optic fissure to close, which results in
coloboma of the optic nerve. Furthermore, in several Rar and Rxr double-knockout mice, these
ventral phenotypes are accentuated by additional defects including the bilateral eversion of the ventral
retina and the absence of ventral iris (Kastner, Grondona et al. 1994).
Global eye morphology changes little during consecutive developmental stages (Figure1-2E). The
lumen of the optic stalk that provides the exit root for the projecting axons becomes completely
obliterated at E14 by the unmyelinated nerve fibers (Chow and Lang 2001). Optic nerve development
leads to formation of optic chiasm around E14-E15 due to the central migration of the nerve fibers.
The choroid fissure (Figure1-2B, E11 schematics) provides a channel for the blood vessels, first
detectable by E10.5 in hyaloid cavity formed between lens and retina. Peripheral areas of the inner
and outer layers of optic cup contribute to formation of the iris, the pupil and ciliary body that are not
distinguishable till E17 (Kaufman 1992). The eyelids fuse by E16.5 forming the conjunctival sac that
facilitates differentiation of the cornea, recognizable at E14 and remain closed till day 12 –14 after
birth.
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Function of retinal neural progenitor cells
Temporal and spatial pattern of the vertebrate retina differentiation
In mouse retinal progenitor differentiation takes place during a prolonged period of time
encompassing the second half of embryonic and early postnatal development (E11 - P21), as does
maturation of the other eye structures. Retinal NPCs constitute the most of the inner part of the optic
cup. It has been shown that, with exception of astrocytes and microglia that migrate from the optic
stalk, all cell types of mature retina are generated from common precursors in a temporal and spatial
sequence relatively conserved among species. Retinal ganglion cells are generated first, followed in
overlapping phases by horizontal cells, cone photoreceptors, amacrine cells, rod photoreceptors,
bipolar cells and, finally, Muller glia cells (Young 1985; Cepko, Austin et al. 1996; Marquardt and
Gruss 2002). In mouse first projection neurons are observed at about E11, while most interneurons,
photoreceptors and glia are generated postnatally. The layered structure of the mature retina is not
formed in mouse until the end of the first week of life and the retina structure considered mature at
about 21 days (Figure 1-3A).
In E11-E13 mouse embryo, the retina consists almost entirely of mitotic progenitor cells, while
the cell bodies of newborn neurons translocate to its inner part. Accumulation of differentiated cells
results in the formation of two discrete layers of embryonic retina: progenitor cells are retained in the
neuroblast layer (NBL), outer or scleral region of the retina, while cells that exit the cell cycle are
located predominantly in the inner or vitreal, ganglion cell layer (GCL). The position of mitotic
progenitors within the NBL varies depending upon their progress through the cell cycle, with S phase
cells being found in the middle region and M-phase cells being found on the scleral side of the NBL
abutting the retinal pigment epithelium (Young 1985). As immature photoreceptor and horizontal
cells exit cell cycle they do not form a discreet layer, but co-localize with mitotic cells in the outer
portion of the NBL (Kamachi, Uchikawa et al. 2001) (Figure 1-3A).
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At birth mitotic cells constitute about 25% of the ventricular layer in the central retina (about 40%
in the peripheral retina). The INL is separated from the embryonic GCL by an emerging synaptic
layer and both layers consist of 2-3 rows of cells. At around P5 mitosis ceases in the central retina (it
continues for another 5-6 days in peripheral retina) and the neurites of the horizontal cells align to
form distinguishable OPL. Initially rods are distributed between the inner and outer nuclear layers but
gradually they migrate to their permanent location in the ONL by P10 (Young 1985) (Figure 1-3A).
Clonal analysis in mice and Xenopus has revealed that the bulk of newly generated retinal cells
appear to migrate vertically, along the vitreo-scleral axis. However, a subset of differentiating cells
also appear to migrate tangentially, along the proximo-distal axis away from their original site of birth
(Galli-Resta, Resta et al. 1997; Reese and Galli-Resta 2002)(Figure 1-3A).
Ultrastructural studies suggest that synaptogenesis between the major neuronal classes of the
vertebrate retina occurs in three major phases. The retinal ganglion cells and amacrine cells form the
earliest functional circuits in the IPL of the developing retina that becomes distinguishable in mouse
around E17. After conventional synapses are present in the IPL, spontaneous excitatory postsynaptic
currents mediated by amacrine cells neurotransmitters are detected in retinal ganglion cells and
amacrine cells (Sernagor, Eglen et al. 2001). As in other parts of the CNS, GABA is depolarizing to
retinal ganglion cells prior to the appearance of glutamatergic drive. Shortly after, photoreceptors
differentiate and contact horizontal cells in the outer retina. The terminals of a large number of rods
(80% of the population) and some cones initially project beyond the forming OPL, reaching the IPL
(Reese 2004), but with maturation, all photoreceptor terminals become restricted to the OPL. Finally,
the networks of the inner and outer retina are interconnected when bipolar cells are born and
connections with ganglion cells are established. Spontaneous glutamatergic drive is first observed in
the mouse retina around P7, when bipolar and photoreceptor terminals are clearly present in the IPL
(Reese 2004). Light stimulation later in development facilitates the age-related loss of ganglion cells
with maturation (Tian and Copenhagen 2003).
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It appears that retinal ganglion cells, though being the only output target of the retina, are not
required for formation of inner synaptic circuits and establishment of retina laminar organization.
Optic nerve transection in rodents that leads to ganglion cell death, does not alter the stratification of
amacrine cells (Chalupa and Gunhan 2004) and mutant animals in which ganglion cells do not
differentiate (Math5 knockout mice (Brown, Patel et al. 2001)) and the zebrafish Lakritz (Kay,
Finger-Baier et al. 2001), retina cell lamination also occurs. It is possible that amacrine cells rather
than ganglion cells provide lamination cues for the interneurons. Alternatively, lamination cues may
arise from Muller glial cells or their precursors.
Molecular characteristics of multipotent retinal NPCs
The defined retinal NPCs constitute the inner layer of the optic cup and express a specific set of
transcription factors, essential for differentiation of the retinal neurons and glia. The majority of
characterized transcription factors belong to two classes: the homoeodomain and bHLH transcription
factors (Vetter and Brown 2001; Hatakeyama and Kageyama 2004). Homoeodomain transcription
factors can be subdivided in three sets: those that are expressed in the eye field and continue to be
expressed as the retina matures (Otx2, Rx1, Pax6 and Six3), those that are induced in defined retina
domain (Chx10, Lhx2) and those activated in specific sets of NPCs (Prox1, Crx, Lhx1, Dlx1, Brn3).
The bHLH-domain transcription factors can be subdivided in repressors involved mainly in
preservation of the dividing progenitor pool (Hes1, Hes5) and activators responsible for the retinal
cell type specification: the relatively early expressed achaete-schute related factors (Ash and Ngn),
and later expressed atonal-related factors (Ath and NeuroD).
Among the genes expressed in the eye field Otx2 is first downregulated in distal optic cup but
increasingly expressed in differentiating neural retinal cells, including postmitotic neuroblasts
(Nishida, Furukawa et al. 2003). Conditional ablation of Otx2 in neural retina with Crx-Cre line
converts them into amacrine-like cells (Nishida, Furukawa et al. 2003). Other genes of the Otx family
are expressed in defined retinal domains. Otx1-/- survive until adult age but with many serious
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morphological anomalies involving the iris and ciliary bodies of the eyes (Acampora, Mazan et al.
1995). The Otx2+/-;Otx1-/- mice show consistent eye abnormalities with retina being dysplastic and
folded and axons exiting the eye in disorganised bundles following aberrant trajectories around the
external surface of the eye (Martinez-Morales, Signore et al. 2001). Targeted disruption of Otx3 (Crx)
results in the failure of photoreceptor outer segment growth and thus the absence of phototransduction
(Furukawa, Morrow et al. 1999). R x expression is uniform in the retina up to E15.5 but
downregulated at later stages in concordance with the loss of proliferative activity in the retinal cell
layers. By P6.5 Rx transcripts are present only in the photoreceptor and inner nuclear layer and by
post-natal day 13.5, is no longer detectable (Furukawa, Kozak et al. 1997) (Mathers, Grinberg et al.
1997). Overexpression of Rx genes in Xenopus embryos results in overproliferation of the neuroretina
and retinal pigment epithelium, suggesting that Rx acts as a cell type specific proliferation factor.
Pax6 is continuously expressed in all retinal NPCs though a gradient of Pax6 expression is observed
throughout proximal distal and inner-outer axis of the eye. In the differentiated retina Pax6 is
expressed strongly only in ganglion and amacrine cells (Belecky-Adams, Tomarev et al. 1997).
Conditional ablation of Pax6 in distal retinal NPCs prevents their differentiation in all lineages except
amacrine (Marquardt, Ashery-Padan et al. 2001). Six3 and other closely related gene Six6 (Optx2) are
expressed throughout the entire undifferentiated neuroepithelium but are rapidly downregulated, first
in the postmitotic photoreceptors and later in the majority of retinal ganglion cells. Six6 has been
associated with anophthalmia and pituitary defects (Gallardo, Lopez-Rios et al. 1999). It is suggested
that SIX3/SIX6 act as direct transcriptional repressors of cell cycle antagonists, such as p27Kip1
(Kobayashi, Nishikawa et al. 2001). SIX3 can also support cell proliferation through sequestering the
replication DNA inhibitor Geminin (Del Bene, Tessmar-Raible et al. 2004).
Establishment of retinal domains in the optic cup co-insides with the activation of Chx10 paired
homeobox gene, the earliest known transcription factor specifically expressed in the presumptive
neural retina region and later restricted to the bipolar neurons. The expression of Chx10 is initiated
upon close contact with the surface ectoderm (Liu, Chen et al. 1994). Chx10 is essential for normal
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eye development, as mutations in humans and mice lead to microphthalmia, cataracts, and abnormal
iris development (Burmeister, Novak et al. 1996), (Ferda Percin, Ploder et al. 2000). The appearance
of differentiated retinal cell types (with the exception of bipolar cells) in Chx10 mutants suggests that
Chx10 does not play a major role in specifying cell fates within the neural retina. Instead, it appears to
regulate cell proliferation because mouse Chx10 mutants are characterized by a reduction in the
proliferation of retinal progenitor cells (Burmeister, Novak et al. 1996). Lhx2 is a member of LIM
homeodomain box transcription factors and is expressed throughout the mouse optic vesicle as early
as E8.5 and later restricted to neural retina. Postnatally Lhx2 expression is detected only in the INL.
Lhx2-/- mice are anophthalmic and eye development arrests after formation of the optic vesicle but
before formation of the optic cup with no eye globe, lens or retina detected by E13.5 (Porter, Drago et
al. 1997).
It is estimated that the original neural progenitor cells of the retina are established around E9E9.5. The minimum size of clones that have been characterized in chimeric retinas contained about a
1000 cells, equal to the progeny that would be produced by 7 or 8 rounds of symmetric cell division
and as many as 20-25 cycles of asymmetric cell division (Goldowitz, Rice et al. 1996). A number of
features of retinal progenitor cells change over the course of development, including the length of the
cell cycle and the probability of producing progeny that are no longer mitotic (Young 1985)
(Alexiades and Cepko 1996) (Livesey and Cepko 2001).
The competence model
The competence model states that the intrinsic ability of retinal NPCs to produce a particular cell
fate changes continually through development (Cepko, Austin et al. 1996) and is supported by lineage
analysis and birthdating studies together with cell culture and transplantation experiments. Terminal
parts of retinal lineages have been identified by intracellular injection of tracers into proliferating
cells of the optic vesicle/cup (Holt, Bertsch et al. 1988; Wetts and Fraser 1988) or by injecting a
recombinant retrovirus that infects proliferating cells and marks their clones (Turner and Cepko 1987;
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Turner, Snyder et al. 1990). Both techniques show that dividing cells of the optic vesicle/cup are
multipotent; labeled clones often spanned the entire thickness of the retina and were composed of
various combinations of cell types. Moreover, the NPCs also retained multipotency right up to their
last division, often producing daughters of two very different cell types (Turner and Cepko 1987;
Livesey and Cepko 2001) (Figure1-3B). However the differentiation potential of late neural
progenitors is significantly reduced.
An important fundamental question is whether this diversity arises from a single homogenous
population of NPCs, or whether there is a diversity of progenitors, as seen in the haematopoietic
system (Hoang 2004). The majority of the early retinal NPCs are not committed to produce only a
single retinal phenotype. However, the diversity in the cellular composition and size of clones labeled
at very early stages suggested that even then NPCs could be heterogeneous and perhaps differentially
committed (Goldowitz, Rice et al. 1996). The eye field transcription factors described above are not
expressed in identical domains and even the earliest defined eye field is a composite of subfields of
different combinations of gene expression (Zuber, Gestri et al. 2003). In fact, NPCs of the eye field of
several vertebrates produce heterogeneous NPCs that differ by the produced clones (radial or layerrestricted), the cellular complexity of their clones and the number of cell divisions remaining in their
respective lineages (Reese, Necessary et al. 1999; Moody, Chow et al. 2000; Dyer and Cepko 2001).
A diversity of progenitors within the defined retina has been reported in rat based on bHLH gene
expression (Jasoni and Reh 1996). Some rat optic cup NPCs are biased to produce either rod or
bipolar cells (Morrow, Furukawa et al. 1999), whereas others are biased to produce amacrine and
horizontal cells (Alexiades and Cepko 1997).
Maintenance of the neural progenitor pool
It has been shown that the bHLH inhibitory transcription factor Hes1 plays an essential role in
maintenance of retinal progenitors. Hes1 is a mammalian homolog of Drosophila Hairy and Enhancer
of split that inhibits fly neurogenesis (Ishibashi, Moriyoshi et al. 1994; Ishibashi, Ang et al. 1995).
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Hes1 is expressed initially in the optic vesicles as well as in the optic stalk and later by retinal
progenitors in the ventricular zone of the neural retina. Early eye patterning and specification is
largely independent of Hes1 function. Hes1 is required for RPE and optic stalk proliferation at E9.5
and lens proliferation at E10.5 (Lee, Wroblewski et al. 2005). Misexpression of Hes1 in the
embryonic retina inhibits neuronal differentiation and maintains progenitors. The Hes1-null mice
have small eyes and demonstrate premature neuronal differentiation and disruption of retinal layers
(Kageyama, Ohtsuka et al. 2000). Loss- and gain-of-function studies in the late embryonic and
postnatal mouse retina demonstrate that Hes1 represses the formation of RGC, rod, horizontal, and
amacrine neurons (Tomita, Ishibashi et al. 1996; Hatakeyama, Bessho et al. 2004). Interestingly, Hes1
has been identified as a clock molecule in vitro and in vivo, regulating its own expression through
oscillation of mRNA and protein (Hirata, Yoshiura et al. 2002). Another member of the Hes family,
Hes5, is also expressed by retina progenitors. Although Hes5-null mice exhibit apparently normal eye
formation, Hes1-/-;Hes5-/- mice lack optic vesicles (Hatakeyama, Bessho et al. 2004). Proliferation of
retinal progenitors is more severely impaired by double mutations than by Hes1 mutation, indicating
that Hes1 and Hes5 cooperatively regulate maintenance of retinal progenitors (Hatakeyama and
Kageyama 2004). Misexpression of Hes1 or Hes5 in the postnatal retina promotes generation of
Muller glial cells (Furukawa, Mukherjee et al. 2000; Hojo, Ohtsuka et al. 2000). Differentiating
Muller glial cells maintain H e s 1 and H e s 5 expression up to P10. Muller glial cells are
morphologically very similar to retinal progenitors. Furthermore, Muller glial cells have progenitorlike qualities such as the ability to proliferate and generate neurons and glia at least in culture or after
injury (Dyer and Cepko 2000; Fischer and Reh 2001). Thus, Muller glial cells and retinal progenitors
are closely related to each other. It is likely that the cells that do not lose Hes1/Hes5 expression
during neurogenesis stages adopt the Muller glia cell fate (Hatakeyama, Bessho et al. 2004).
Both Hes1 and Hes5 transcription is regulated by Notch signaling (Ohtsuka, Ishibashi et al.
1999). Notch mediates local cell-cell communication and coordinates a signaling cascade present in
all animal species studied to date. Notch signaling is used widely to determine cell fates and to
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regulate pattern formation. Notch genes encode single-pass transmembrane receptors that upon
activation by ligands Delta or Serrate (also a single-pass transmembrane molecules), are cleaved by γsecretase and the intracellular part of the receptor translocates to the nucleus, where it binds to the
transcription factors of CSL family, thereby converting it from a transcriptional repressor to an
activator. In mammals, there are four Notch receptors (Notch1–4) and five ligands from the Delta
(Dll1,3,4) and Serrate families (Jag1,2). Activation of bHLH repressors by Notch signaling appears to
be a general mechanism, sometimes referred to as lateral inhibition, for preventing equipotent cells
from all acquiring the same fate. Notch signaling shows a remarkable ability to amplify small
differences in the signaling capacities of different cells, in part by regulation of receptor and/or ligand
transcription. In this way, the degree to which a cell activates Notch signaling has a dynamic effect on
how well it sends and/or responds to Notch signals in return (Lai 2004).
Notch1, Dll1 and Dll4 are expressed in largely overlapping patterns in the neural retina during the
period of cell fate determination and differentiation, whereas Notch2 is expressed in the non-neuronal
derivatives of the optic cup. Jagged is expressed in distinct regions within the optic vesicle, ciliary
body, and lens(Bao and Cepko 1997; Benedito and Duarte 2005). These observations suggest that the
lateral inhibition mechanism maintained by ligand/receptor couple Notch/Delta is likely involved in
retinal cell differentiation. Transfection of the activated form of Notch1 in retinoblasts causes them to
retain neuroepithelial morphology, and inhibits their development into mature neurons (Dorsky,
Rapaport et al. 1995). Proneural genes Mash1, Ngn2 regulate Delta and Serrate transcription (Yun,
Fischman et al. 2002) (Fode, Gradwohl et al. 1998). By inhibiting differentiation, the Notch pathway
has also been suggested to regulate ganglion cell number. Only 13–14% of early progenitors from the
peak stage of ganglion cell genesis actually become ganglion cells in the retina, although these early
progenitors differentiate into ganglion cells when completely separated from each other, indicating
the importance of lateral inhibition through Notch-Hes signaling in maintenance of progenitor
population (Austin, Feldman et al. 1995).

25

Cell fate restriction and differentiation of retinal NPCs
Retinal cell differentiation begins with neurogenesis in the central optic cup, close to the optic
stalk and progresses towards the region of the presumptive ciliary bodies on the periphery. The onset
of cellular differentiation in the neural retina appears to depend upon signaling from the midline and
from the optic stalk (Masai, Stemple et al. 2000), and both Shh and FGF have been implicated (Yang
2004).
bHLH transcription activators are known to promote neuronal fate and inhibit glial fate in the
brain (Bertrand, Castro et al. 2002). In the developing mouse retina, five neuron-promoting bHLH
genes have been identified: Math5, Ngn2, Math3, NeuroD, and Mash1. It has been proposed that
bHLH and homeodomain transcription factors provide combinatorial influence on retinal cell fate
specification. Mammalian retinal progenitors that express one or more bHLH genes become biased to
particular cell fates (Hatakeyama and Kageyama 2004) (Figure 1-3C).
Achaete-Scute homologs (Mash1 and Ngn2) and Atonal homologs (Math3, Math5 and NeuroD)
initially show broad expression in mitotic progenitor cells of the ventricular zone and some later by
subsets of differentiating neurons. Early-expressed Achaete-Scute homologs are thought to act as
determination factors that regulate both the onset of differentiation and the specification of cell
phenotypes. Ngn2 is likely to be involved in a developmental step prior to key events in retinal-celltype specification. In the developing retina, Ngn2 mRNA is detected in cells scattered across the
retinal NBL but not in GCL. Cells expressing Ngn2 incorporate BrdU or express PCNA, that
identifies them as proliferating neuroblasts (Yan, Ma et al. 2001; Ma, Yan et al. 2004; Ma and Wang
2005; Yan, Ma et al. 2005). Cell fate analysis using the Cre-lox system in mice demonstrate that cells
that transiently express Ngn2 during development populate all three nuclear layers of the retina and
include all major types of retinal cells. Furthermore, the temporal window in which a particular cell
type is marked is similar to its established birth date (Ma and Wang 2005; Yan, Ma et al. 2005). Ngn2
induces cultured RPE cells to transdifferentiate along various retinal pathways, including
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photoreceptor and ganglion cell pathways (Yan, Ma et al. 2001; Marquardt and Gruss 2002) that
suggests additional role in subtype specification.
Mash1 is expressed briefly and at low levels in a few cells of the optic vesicle at E9.5 (Guillemot
and Joyner 1993; Philips, Stair et al. 2005). The early optic expression of Mash1 is transient,
disappearing by E10.5, and is not reactivated until a much later secondary phase of expression at
E14.5. Mash1 expression peaks when later-born cell types, such as rods, bipolar cells and Muller glia,
are generated (Jasoni and Reh 1996) (Brown, Kanekar et al. 1998). Overexpression of Mash1 results
in an increased number of bipolar cells (Brown, Kanekar et al. 1998). Upregulation of Mash1
expression coupled with precocious neuron formation is observed in optic vesicles of Pax6-/- mouse
mutants and ectopic Mash1 expression is sufficient to induce precocious neuron differentiation in
very early retinal progenitor cells (Philips, Stair et al. 2005). A loss-of-function mutation in Mash1
does not result in any detectable eye phenotype but there is a delay in the differentiation of rods,
horizontal and bipolar cells, and a corresponding increase in the number of Muller glial cells (Tomita,
Nakanishi et al. 1996). Loss of bipolar cells and increase in glial cells number is particularly
significant in mice double mutant for Mash1 and the Atonal homolog Math3. These results indicate
that Mash1 and Math3 might direct neuronal versus glial fate determination in the CNS (Tomita,
Moriyoshi et al. 2000). At least in telencephalon the expression of Mash1 and Ngn2 is linked: when
one gene is inactivated, the expression of the other is increased indicating a compensatory function
between the two (Nieto, Schuurmans et al. 2001).
Atonal homologs are expressed in RPCs at the onset of differentiation of different retinal cell
classes. Math5 (Ath7) is expressed earlier in the ventricular zone than others. Expression starts from
the boundary between the optic stalk and the neural retina, spreads circumferentially and expands
throughout the neural retina (Brown, Kanekar et al. 1998). It has been shown that the boundary
between the optic stalk and the neural retina has an inducing activity for Math5 expression and
neuronal differentiation in zebrafish (Masai, Stemple et al. 2000; Masai, Yamaguchi et al. 2005). In
both mouse and zebrafish, Math5-null mutation results in severe reduction of ganglion cells and
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increase of amacrine cells suggesting that Math5 determines formation of retinal ganglion cells
(Brown, Patel et al. 2001; Kay, Finger-Baier et al. 2001; Liu, Mo et al. 2001; Wang, Kim et al. 2001;
Yang, Ding et al. 2003). RPCs transfected with Math5 activate Brn3 expression and produce a
significantly larger number of ganglion cells (Liu, Mo et al. 2001). Generation of RGCs also involves
the small neural specific bHLH protein NSCL1, since expression of Math5 and NSCL1, either in RPE
cells in culture or in the developing chick retina, results in a higher rate of ganglion cell production
than with either gene alone (Ma, Yan et al. 2004; Xie, Yan et al. 2004).
Math3 is involved in the formation of bipolar cells and amacrine cells in conjunction with other
bHLH factors. Though, single knockout of Math3 does not alter cell numbers, Math3/Mash1 double
knockouts lack bipolar cells, and in Math3/NeuroD double knockouts amacrine cells are missing
(Hatakeyama, Tomita et al. 2001) (Inoue, Hojo et al. 2002). NeuroD is thought to promote both
amacrine cells and photoreceptors. Overexpression by viral transfection of NeuroD in rat retinal
progenitors results in a nearly 2-fold increase in the rate of amacrine cell production and a moderate
increase in photoreceptors (Morrow, Furukawa et al. 1999). Loss-of-function achieved by viral
transfection of either a NeuroD-Engrailed-repressor fusion construct or siRNA repression of NeuroD
in the developing chick retina severely depleted photoreceptors (Yan, Ma et al. 2005). Misexpression
of Math5 by retroviral transfection in retinal precursor cells increases NeuroD expression and
enhances photoreceptor differentiation, indicating an interaction between these two factors in
specifying cell fate (Ma, Yan et al. 2004).
It appears that bHLH factors work in concert to determine cell types. Triple knockouts for Math3,
NeuroD and Ngn2 show a severe decrease in amacrine, horizontal and bipolar cell numbers, and an
increase in Muller glia. Triple knockouts for Math3, NeuroD and Mash1 show a severe decrease in
photoreceptor and bipolar cell numbers, but amacrine and horizontal cell numbers are unaffected.
Triple knockouts for Math3, Ngn2 and Mash1 show a severe decrease in amacrine, horizontal and
bipolar cells, and an increase in Muller glia (Akagi, Inoue et al. 2004). Thus the Math3/Ngn2
combination appears critical for all inner nuclear layer cells. Likewise, the combined effects of
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Math3/NeuroD on amacrine and photoreceptor cells seem dependent upon the activity of Ngn2 versus
Mash1.
Early progenitors have a competency to become early-born cell types such as ganglion and
amacrine cells, and they adopt the ganglion cell fate when Math5 is on and the amacrine cell fate
when NeuroD or Math3 are expressed. Late progenitors have a competency to become late-born cell
types such as bipolar and Muller glial cells, and they adopt the bipolar cell fate when Mash1 or Math3
is expressed. However, alone bHLH proteins cannot specify neuronal subtypes. For example,
although Mash1 is expressed in bipolar cells and required for their formation, misexpression of
Mash1 alone predominantly generates photoreceptors (Hatakeyama, Tomita et al. 2001). It is likely
that homeodomain genes endow cells with the layer specificity while bHLH genes determine the
neuronal fate within the homeodomain factor-specified layers (Hatakeyama, Bessho et al. 2004). For
example, Chx10 works in concert with Mash1 and Math3 to promote bipolar cell genesis and reduce
Muller gliogenesis; the misexpression of all three genes is required to significantly increase the
number of bipolar cells (Hatakeyama, Tomita et al. 2001). Likewise, the homeodomain gene Xbh1
acts together with XAth5 and XAth3 to promote ganglion cell formation in Xenopus (Poggi, Vottari et
al. 2004).
Although a lot is known about specification of cell types within the retina the picture is still far
from being complete. The activity of the described transcription factors can be temporally regulated
by posttranscriptional modifications at both RNA and protein levels. For example, it has been shown
that the temporal pattern of NeuroD activity can be modulated by Glycogen synthase kinase-3, and
Math5 activity can be modulated by Notch signaling (Moore, Schneider et al. 2002). Little is known
about the changes in the extracellular environment within developing retina. Moreover, the work on
cell type specification has focused on the six major retinal cell classes with little attention to the
possibility that different gene combinations may specify different subtypes within the same cell class.
Two genes have been shown to have selective roles in specification of bipolar cells subtypes. Vsx1
appears necessary for cone bipolar cells but not for the rod bipolars (Chow, Volgyi et al. 2004)
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(Ohtoshi, Wang et al. 2004). Conversely, the Bhlhb4 gene is expressed only in bipolar cells mediating
rod photoreceptor signaling, and its knockout results in selective loss of rod bipolar cells during late
differentiation (Bramblett, Pennesi et al. 2004). The dynamic structure of transcriptional machinery in
retinal NPCs is still poorly understood; in particular, little is known about transcription factors outside
the homeobox and bHLH families. Microarray and proteome screens of developing retinal tissue as
well as comparative analysis of evolutionary conserved orthologs indicate a number of other
potentially important genes (Diaz, Yang et al. 2003; Hackam, Bradford et al. 2003; Blackshaw,
Harpavat et al. 2004).

SoxB1 proteins as regulators of neural progenitor competence
SoxB1 genes expressed in NPCs during development and in the adult.
Early analysis of the SRY-homology box (SOX) genes Sox1, Sox2 and Sox3, collectively referred
to as the SoxB1 subgroup demonstrated that these genes are expressed in neural progenitor cells
throughout the CNS from neural induction to adulthood (Figure 1-4A). Detailed examination
demonstrated that expression of Sox2 and Sox3 precedes gastrulation while initiation of Sox1
expression coincides with neural induction. Mouse Sox2 mRNA is expressed in the mature oocyte,
and in the embryo it is expressed as early as blastula stage, where it becomes restricted to the inner
cell mass. Among SOXB1 proteins expression in the preimplantation mouse embryo is unique to
SOX2, while SOX3 begins to be expressed at egg cylinder stage. During specification of the neural
plate the onset of SOX1 expression coincides with induction of the neural ectoderm and both SOX2
and SOX3 become restricted to the neuroepithelium. Thus, by early gastrulation all three genes are
universally expressed in the NPCs. Sox2 is also expressed in extraembryonic ectoderm during
gastrulation and in chorion at E7 - E8, as well as in sensory placodes (Kamachi, Uchikawa et al.
1998; Avilion, Nicolis et al. 2003; Pevny and Placzek 2005).
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At later developmental stages Sox1, Sox2 and Sox3 expression is predominantly confined to
proliferating neural precursors (Figure 1-4B). With the beginning of NPCs differentiation (at about
E10.5 in mouse) SOXB1 proteins are downregulated in the majority of newly generated neurons. In
the neural tube Sox2 expression is downregulated in a ventral to dorsal progression coincident with
the neuronal differentiation and becomes restricted to proliferative neuroepithelial cells of the
ventricular zone (Graham, Khudyakov et al. 2003). High levels of SOX2 are also detected in the
neuroblasts of the neural retina (Kamachi, Sockanathan et al. 1995; Kamachi, Uchikawa et al. 1998;
Nishiguchi, Wood et al. 1998), developing sensory epithelium of the inner ear (Uchikawa, Kamachi
et al. 1999), and olfactory epithelium (Ellis, Fagan et al. 2004). In the adult CNS, similar to the
embryonic CNS the major domains of SOX2 expression are restricted to the defined populations of
NPCs, such as the subventricular zones of lateral ventricles, the rostral migratory stream, the
subgranular zone of hippocampus and the ependyma surrounding the central canal of the spinal cord,
(Ellis, Fagan et al. 2004; Ferri, Cavallaro et al. 2004).
Analysis of neurospheres derived from embryonic telencephalic vesicles and from the
subventricular zone of adult mice show that all of them contain SOX2-expressing cells and at least a
subpopulation of these cells is multipotent and can generate neuronal, astroglial and oligodendroglial
cells in vitro (Ellis, Fagan et al. 2004; Ferri, Cavallaro et al. 2004; Brazel, Limke et al. 2005).
The expression of SoxB1 proteins in NPCs is evolutionary conserved (Figure 1-4C) so that
Drosophila (Nambu and Nambu 1996; Ma, Niemitz et al. 1998; Soriano and Russell 1998), Xenopus
(Mizuseki, Kishi et al. 1998), zebrafish (Vriz, Joly et al. 1996) and avian (Uwanogho, Rex et al. 1995;
Rex, Orme et al. 1997; Streit, Sockanathan et al. 1997) putative orthologues of mouse SOX1, SOX2
and SOX3 show expression throughout the neural primordium.
Thus, SOXB1 proteins appear to mark a common transcriptional state shared by diverse
populations of neural progenitors throughout the CNS during development and in the adult. This
suggests that the function of SoxB1 genes is required to maintain specific properties of these cells
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such as ability to proliferate and differentiate. However, the function of SOXB1 proteins in this cell
population as well as its significance is not well understood.
SOX proteins belong to the HMG-box protein superfamily.
According to their structure SOXB1 proteins belong to the SOX family of HMG-box DNA
binding proteins. The HMG-box domain that defines the superfamily was first described in abundant
HMGB1 (HMG1) protein discovered in a high mobility group on gel electrophoresis of chromatin
non-histonal proteins. The HMG-box superfamily is generally divided into two classes (Grosschedl,
Giese et al. 1994).
The first class includes proteins with two or more tandem HMG-boxes that bind DNA in a
relatively sequence non-specific manner (HMGB and UBF groups). Some chromatin remodeling
complexes such as SWI/SNF-like (Wang, Chi et al. 1998; Papoulas, Daubresse et al. 2001),
Drosophila CHD1 and SPN and mammalian FACT (Kelley, Stokes et al. 1999; Orphanides, Wu et al.
1999; Formosa, Eriksson et al. 2001) contain HMG-domain proteins of this class. Another HMG-box
containing protein BRAF35 was shown in complex with the neuronal co-repressor CoREST (Hakimi,
Bochar et al. 2002). The second class, the sequence-specific HMG-box proteins are much less
abundant, diverse and cell/stage specific and contain only one HMG box. The class is divided in four
subgroups: fungous specific mating-type genes (Laudet, Stehelin et al. 1993), lymphoid T-cellspecific transcription factors (TCF/LEF) (Travis, Amsterdam et al. 1991; Waterman, Fischer et al.
1991), HMG-box transcription factors (HBP1-subgroup) (Shih, Tevosian et al. 1998) and SRYrelated genes (SOX) (Denny, Swift et al. 1992).
Originally SOX proteins were defined by more than 50% amino acid identity in their DNAbinding domain with that of the sex determining protein, SRY (Gubbay, Collignon et al. 1990).
Currently, SOX family is defined by conservation of the key amino acid motifs, in particular the
RPMNAFMVW (positions 5-13) within this domain (Bowles, Schepers et al. 2000). In both the
mouse and human genomes about 20 pairs of Sox genes have been identified (Schepers, Teasdale et
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al. 2002). On the basis of sequence similarity, both in the DNA-binding domain and group-specific
conserved motifs the family is subdivided into groups A-J with about 90% amino acid sequence
identity of the HMG domain(Bowles, Schepers et al. 2000).
Members of the Sox gene family display dynamic and tissue-specific expression patterns during
embryogenesis and play important roles in diverse range of developmental processes such as germ
layer formation, organ development, and cell type specification (Pevny and Lovell-Badge 1997)
(Wegner 1999). For example, single point mutations and C-terminal truncations of human SRY cause
XY sex reversal. Mutations in Sox2 have been mapped in patients with anophthalmia (Fantes, Ragge
et al. 2003). Mutant Sox9 alleles are described in patients with Campomelic Dysplasia (Foster,
Dominguez-Steglich et al. 1994), while Waardenburg syndrome is associated with mutations in Sox10
(Pingault, Bondurand et al. 1998). Sox3 is a candidate gene for Borjeson-Forssman-Lehmann, an Xlinked mental retardation syndrome (Stevanovic, Lovell-Badge et al. 1993).
Structure of the SoxB1 group proteins.
Proteins of the SOXB subgroup are most closely related to SRY and share over 85% sequence
identity between their DNA-binding domains. Based on the primary structure and functional activity
of the C-terminal domain the group has been subdivided into two subgroups: the transcriptional
activators, SOXB1 and transcriptional repressors, SOXB2. In mouse, humans and chicken the SoxB1
includes Sox1, Sox2 and Sox3, while SoxB2 genes include Sox21 and Sox14 (Figure 1-5A).
The HMG-box domains of SOX proteins recognize virtually identical DNA sequences
((T/a)T/aGTTT/a) with a relatively low affinity (in vitro Kd=10-8–10-9M) (Kamachi, Cheah et al.
1999). Nevertheless, in vivo the SOXB proteins selectively interact with and regulate unique sets of
target genes (Kamachi, Uchikawa et al. 2000). The structure of the HMG box bound to DNA was
defined recently for SOX2 from the crystal structure of the ternary complex with the POU-domain of
OCT3/4 and Fgf4 enhancer (Remenyi, Lins et al. 2003) as well as from the solution NMR of the
ternary complex with OCT1 and Hoxb1 enhancer (Williams, Cai et al. 2004) (Figure 1-5B). The
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HMG-box is a conserved basic motif, 70–80 amino acids in length, that in all cases forms three
helices stabilized in an L-shaped configuration by two hydrophobic cores and an unfolded C-terminal
or N-terminal tail of varying length. The concave surface of the domain interacts with the minor
groove of the DNA duplex, inducing or stabilizing a significant bend toward the major groove (Read,
Cary et al. 1994). All characterized HMG-box proteins preferentially bind to curved or distorted DNA
structures, such as four-way DNA junctions. Binding of HMG-box proteins changes the local
conformation of DNA introducing or stabilizing the bend and may induce or facilitate the assembly of
complex nucleoprotein structures (Giese, Kingsley et al. 1995). A recurrent theme is that HMG-box
proteins are heavily involved in fast switching of gene expression (Bianchi and Beltrame 2000).
Even outside the HMG-box SOXB1 proteins of vertebrates share a significant degree of
homology (Figure 1-5C). The proteins are relatively small ranging in mouse from 391 amino acids
(aa) for SOX1 to 319aa for SOX2 and SOX3 (375aa) in between. A short motive C-terminal to HMGbox domain is defined as the SOXB-group homology region and has been shown to participate in
protein-protein interactions (Kamachi, Cheah et al. 1999; Uchikawa, Kamachi et al. 1999). The
HMG-box domain including SOXB-group homology region is sufficient for interactions with
OCT3/4 through its POU domain (Ambrosetti, Basilico et al. 1997). The Ser/Thr rich motive in the
C-terminal part of the protein is required for transcription activation (Kamachi, Sockanathan et al.
1995; Yuan, Corbi et al. 1995; Kamachi, Cheah et al. 1999). The fragment (limited to aminoacids
176-280) was shown to act as potent independent transcriptional activation domain when linked to
heterologous DNA binding domain (Kamachi, Uchikawa et al. 1998). On the other hand the Nterminal might act as autoinhibitor (Kamachi, Uchikawa et al. 1998).
Transcription regulation by SOXB1 proteins
Despite the extensive expression of SoxB1 genes in the CNS, very few neural specific targets
have been characterized. The majority of the proliferating neural cells of embryonic and adult CNS
contain the intermediate filament protein Nestin, that is widely utilized as a molecular marker of
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NPCs (Lendahl, Zimmerman et al. 1990; Rietze, Valcanis et al. 2001). Nestin expression in the neural
tube depends on the enhancer sequence located in the second intron and is activated by a complex of
SOX2 and the POU domain class protein BRN2 that are co-expressed in the ventricular zone of the
CNS. This discovery provided the first functional link between the markers of neural progenitors of
the SoxB1 group and Nestin (Tanaka, Kamachi et al. 2004). Function of the auto-regulatory element
of the Hoxb1 gene, an important regulator of neural development, is also modulated by a combination
of SoxB1 and POU domain proteins (DiRocco, Gavalas et al. 2001; Tanaka, Kamachi et al. 2004).
Another direct target for transcriptional regulation by SOXB1 factors in the CNS is Hes1, the basic
helix-loop-helix transcription repressor and direct target of Notch signaling cascade. Chromatin
immunoprecipitation assay and overexpression in cell cultures suggested that SOX1 binds to the
promoter of mouse Hes1 and suppresses its expression, including activation by constitutively active
Notch (Kan, Israsena et al. 2004).
In human ES cells chromatin immunoprecipitation (ChIP) analysis of the SOX2 binding sites in
the extended promoter regions of the annotated protein-coding genes identified many genes with
important role in neural progenitor development as putative regulatory targets of SOXB1 proteins. In
total about 1271 (7%) of the analyzed sequences were found to associate with SOX2 (Boyer, Lee et al.
2005). Of these 404 and 845 regions were also bound by two other homeodomain proteins OCT4 and
NANOG respectively, while 353 regions were bound by all three factors in close proximity to each
other. Though in vitro studies showed that S O X 2 acts as transcription activator (Kamachi,
Sockanathan et al. 1995; Yuan, Corbi et al. 1995; Kamachi, Cheah et al. 1999, Kamachi, 1998 #16),
SOX2 was found bound to regulatory sequences of genes both expressed and repressed in ES cells.
Among the active genes co-occupied by OCT4, SOX2, and NANOG, several encoding transcription
factors (e.g., OCT4, SOX2, NANOG, STAT3, ZIC3) and components of the Tgf-ß (e.g., TDGF1,
LEFTY2/EBAF), Wnt (e.g., DKK1, FRAT2) and Notch (Notch1) signaling pathways were notable
targets. Among transcriptionally inactive genes, there was striking enrichment for genes for
transcription factors. Some of these transcription factors are important for differentiation into
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ectodermal and neural lineages (e.g., ESX1l, HOXB1, MEIS1, PAX6, LHX5, LBX1, MYF5,
ONECUT1). Interestingly, nearly half of the transcription factor genes that were bound by all the
three proteins and were transcriptionally inactive encode developmentally important homeodomain
proteins (Boyer, Lee et al. 2005).
Association of SOX2 with promoters of transcriptionally inactive genes may indicate that it has
also functions different from transcription activation. Comparative analysis of the SOXB1 structure
predicts that these proteins can function both as an activating transcription factors and as architectural
components of chromatin (Boyer, Lee et al. 2005). Hence presence of SOX2 on the regulatory
elements of silent genes may be required to preserve the possibility of expression of these genes by
maintenance of specific chromatin structure.
It has been shown that despite the C-terminal domain function as transcriptional activator in vitro,
SOX2 is unable to activate transcription on its own and must act in concert with other DNA binding
proteins. This has been demonstrated for both of the best characterized targets of SOX2-dependent
transcription activation that include the lens-specific enhancer of chick ∂-crystallin located in the
third intron (Kamachi, Sockanathan et al. 1995) and mouse 3’UTR enhancer of the Fibroblast growth
factor 4 (Fgf4) gene (Dailey, Yuan et al. 1994). While SOXB1 proteins activate a luciferase reporter
driven by ∂-crystallin enhancer in lens cells they have no effect on the enhancer activity in fibroblasts
suggesting that another transcription factor, which has been later identified as PAX6, is critical
essential for transcription activation effect (Kamachi, Sockanathan et al. 1995; Kamachi, Uchikawa et
al. 1998). Moreover, PAX6 can activate transcription on its own in other systems (Epstein et al.
1994b; Czerny and Busslinger 1995; Tang et al. 1998) and it was demonstrated that transcription
activation domain of PAX6 and not SOX2 is essential for enhancer activity (Kamachi, Uchikawa et al.
2001). Requirement for co-operative action of PAX and SOXB1 proteins for this enhancer has also
been demonstrated by analysis of its activity in driving Egfp expression in Drosophila. Though
enhancer-driven EGFP was expressed in wild-type animals it was abolished in D-Pax2 (shaven) or
SoxN (Drosophila SoxB1 gene) mutants (Blanco, Girard et al. 2005). Furthermore, in lens cells SOX2
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and SOX3 have been shown to activate, synergistically with PAX6 an autoregulatory enhancer of
Pax6 gene identified in mouse (Aota, Nakajima et al. 2003). A similar situation is described for
another SOX2 target the Fgf4 enhancer where the transcription activation effect of SOX2 is observed
only in the presence of OCT3/4 (Pou5f1) protein(Yuan, Corbi et al. 1995; Johnson, Lamb et al. 1998).
It was suggested that SOX domain proteins play architectural roles in assembling higher-order
nucleoprotein complexes or by providing a scaffold upon which the other proteins are assembled
(Grosschedl, Giese et al. 1994). In fact the regulatory element of the ∂-crystallin gene that binds
PAX6 contains a number of mismatches with the determined PAX6 paired domain-consensus
sequence and has low affinity to PAX6. In the presence of SOX2 though binding of PAX6 to the
enhancer is increased. Thus, a co-operative binding mechanism was proposed (Kamachi, Uchikawa et
al. 2001). Also DNA-bending or bend-stabilizing activity of SOX proteins may facilitate the
interaction of the enhancer elements with the core promoter region or organize chromatin structure
within the enhancer (Pevny and Lovell-Badge 1997; Lamb and Rizzino 1998).
It has also been demonstrated that other genes expressed in inner cell mass and ES cells such as
UTF1 (Nishimoto, Fukushima et al. 1999), Osteopontine (Botquin, Hess et al. 1998), Fbx15
(Tokuzawa, Kaiho et al. 2003) and potentially Nanog (Kuroda, Tada et al. 2005) as well as Sox2
(Tomioka, Nishimoto et al. 2002) and Oct3/4 (Okumura-Nakanishi, Saito et al. 2005) themselves are
controlled by SOX2/OCT3/4 combination. The results of ChIP screen in human ES cells confirmed
existence of the autoregulatory loop for Sox2 described in murine ES cells and suggested that OCT4,
SOX2, and NANOG form feedforward loops that would support both consistent activity that is
relatively insensitive to transient changes in input and a rapid response to inputs after a time-sensitive
delay. Both regulatory capacities are useful for maintaining the pluripotent state while retaining the
ability to react appropriately to differentiation signals (Boyer, Lee et al. 2005).
The available data on transcriptional targets of SOXB1 genes is consistent with its function as
important regulator of both pluripotential ES cells and neural progenitor cells.
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SoxB1 function in neural development
SOXB1 proteins in neural induction.
Recent experiments performed in Xenopus, chick and cell cultures provide compelling evidence
for a direct role of SOXB1 factors in defining neural potential within the embryonic ectoderm.
SOXB1 proteins are expressed in ectoderm undergoing neural induction, though the temporal and
spatial pattern of the individual genes varies between species. In chick, where SOX2 is expressed
before gastrulation SOX2 and L5 antigen expression defines cells that could be induced to undergo
neural induction by node transplantation (Streit, Sockanathan et al. 1997). Experiments performed
primarily in Xenopus embryos have shown that during gastrulation signals derived from the
blastopore are required for differentiation of neural plate (Spemann and Mangold 1924). These
signals including Chordin, Noggin and Follistatin, share the same molecular property, the ability to
block BMP4 signaling in the ectoderm. Bmp4 is initially expressed ubiquitously, but as gastrulation
proceeds the expression is maintained in epidermal and repressed in neural cells (De Robertis and
Kuroda 2004). In Xenopus Sox2 is induced by Chordin and its homologs and is inhibited by BMP4
(Mizuseki, Kishi et al. 1998).
Though Xenopus SOX2 can’t induce neural differentiation of ectoderm on its own, it can
synergize with FGF signaling to initiate neural differentiation (Mizuseki, Kishi et al. 1998). It has
been suggested that intact FGF signaling is required for neural induction although FGFs may not act
as neural inducers per se (Hongo, Kengaku et al. 1999). However, Sox2 co-expression with bFGF
does not induce Chordin, Nogin or Follistatin (Mizuseki, Kishi et al. 1998). Inhibition of SOX2 by
dominant-negative constructs prevents neural induction in animal cups by dominant negative BMPR,
as judged by the expression of the neural cells marker Neural Cell Adhesion Molecule (NCAM)
(Kishi, Mizuseki et al. 2000). However, expression of Sox2 and Zic2 is not affected by SOX2 by
dominant-negative constructs at early gastrula stage (Kishi, Mizuseki et al. 2000).
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Inhibition of SOX2 at the early neurula stage in Xenopus prevents expression of early pan-neural
markers as well as neural crest and regional neural markers but has no effect on dorsal axis markers,
such as Chordin. Inhibition of neuroectodermal differentiation does not induce expression of the
epidermal lineage markers or histological changes specific to epidermis(Kishi, Mizuseki et al. 2000),
indicating that inhibition of SOX2 signaling in ectodermal cells might generally restrict their
differentiation potential (Pevny and Placzek 2005). It also does not result in increase of apoptosis,
instead the ectoderm injected with SOX2 dominant-negative construct peals off at tailbud stage
(Kishi, Mizuseki et al. 2000) suggesting that these cells also lost some cell adhesion properties.
SOXB1 proteins have been demonstrated to interact with ß-catenin (Xenopus SOX3 (Zorn, Barish
et al. 1999) and mouse SOX1 (Kan, Israsena et al. 2004)) and suggested to play a general role in
repressing tissues response to Wnt signaling, one of the pathways implicated in neural induction
(Zorn, Barish et al. 1999). Wnt binding to the co-receptor, low density lipoprotein receptor-related
protein-5/6, results in recruitment of the ß-Catenin destruction complex protein Axin to the cell
membrane thus inhibiting ß-Catenin degradation and inducing activation of gene expression by the ßcatenin-TCF/LEF complex (Tamai, Zeng et al. 2004). Co-immunoprecipitation experiments have
demonstrated that SOX1 directly binds ß-catenin and functional assays in cell lines confirmed that this
interaction suppresses TCF/LEF mediate signaling of ß-catenin and promotes exit from cell cycle
(Kan, Israsena et al. 2004).
Role for SOXB1 factors in directing cells to neural fate has been illustrated in mouse cell lines.
Ectopic expression of SOX1 in mouse embryonic carcinoma cells (P19) induces neural differentiation
mimicking the effect of aggregation and subsequent exposure to retinoic acid (Pevny, Sockanathan et
al. 1998). Consistent with these findings, forced upregulation of Sox1 or Sox2 expression promotes
the differentiation of mouse embryonic stem cells into neuroectoderm at the expense of mesoderm
and endoderm (Zhao, Nichols et al. 2004).
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Role of vertebrate SOXB1 proteins in neural differentiation.
Sox2 is universally expressed in all neural progenitors throughout the antero-posterior and dorsoventral axes of the developing nervous system. In majority of cells expression of Sox2 is mutually
exclusive with markers of differentiated neurons.
Several experiments indicate that SOXB1 factors repress neuronal differentiation and maintain
progenitor identity, though the precise mechanism remains unclear. Studies in the chick neural tube
have demonstrated that maintenance of SOX2 retains progenitor cells in an undifferentiated
proliferative state. Sox2 overexpression in the chick neural tube blocks NPCs development along the
neuronal lineage as defined by the absence of postmitotic neuronal markers including Islet1,
Engrailed1 and Lim2 (Graham, Khudyakov et al. 2003) and decreasing NeuroM (Atoh3), but not Ash
or Ngn2 (Bylund, Andersson et al. 2003). Though these cells continue to divide and express PCNA
(Graham, Khudyakov et al. 2003), upregulation of SOXB1 levels decreases the number of cells in Mphase of cell cycle (Bylund, Andersson et al. 2003).
Conversely, expression of a dominant interfering form of SOX2 and/or SOX3 in neural
progenitors results in their premature exit from cell cycle, downregulates SoxB1 proteins and induces
expression of early neuronal markers MNR2, NeuN and Lim2, but prevents expression of Islet1, ßTubulinIII and Neurofilament. Suppression of SOXB1 function also prevents delamination of cells
from dorsal neural tube (Graham, Khudyakov et al. 2003), (Bylund, Andersson et al. 2003). Absence
of markers of differentiated neurons in these cells after cell cycle exit and translocation into the
mantle zone suggests that gradual downregulation of SOXB1 activity is required for accurate
differentiation of neural progenitors. Overexpression of Ngn2 but not mAth3 (Atoh3) in neural
progenitors downregulates SoxB1 genes. Repression of SoxB1 and upregulation of Ngn2 but not
m A t h 3 leads to expression of markers of differentiated neurons such as ß-TubulinIII and
Neurofilament (Bylund, Andersson et al. 2003).
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Interestingly, in vitro overexpression of Sox1, but not Sox2 or Sox3 in neural progenitor cells
derived from E14 embryonic telencephalon, promotes exit from cell cycle and doubls the number of
differentiated neurons identified by ß-TubulinIII staining. The suggested mechanism for the observed
neurogenic effect of SOX1 involved activation of the Neurogenin1 expression and simultaneous
suppression of the TCF/LEF and Notch mediated signaling. It has been suggested that SOX1 directly
binds and inhibits the Hes1 promoter as well as interacts with ß-catenin and decreases its transcription
activation capacity (Kan, Israsena et al. 2004). However, no bias to neuronal lineage was observed in
ES cell derived neural progenitor population that was selected for SOX1 expression(Lang, Haynes et
al. 2004).
Sox2 has been identified as a key player in the molecular mechanisms regulating the conversion
of rat oligodendrocyte precursors (OPCs) into multipotent neural stem-like cells. This gradual BMP
and FGF induced conversion is dependent upon the re-initiation of Sox2 expression, and inhibition of
Sox2 by siRNA results in premature exit from the cell cycle and neuronal differentiation of OPCs.
Interestingly, Sox2 expression in these assays was regulated by BRCA1 and BRM, the components of
SWI/SNF chromatin remodeling complex and involved modifications of histone H3 at the Sox2
promoter (Kondo and Raff 2004).
SoxB1 genes may play a part in maintaining neural progenitors in the cell cycle and thus regulate
the timing of their exit from cell cycle. The findings that the inhibition of SOX2 function in chick
neural progenitor cells (Bylund, Andersson et al. 2003; Graham, Khudyakov et al. 2003) and rat
OPCs (Kondo and Raff 2004) results in their premature exit from mitotic state supports this idea.
Work in Xenopus embryos has shown that SOX3 has a synergistic effect with XBF1 in promoting
proliferation of the neuroectodermal cells, possibly by repressing the expression of cell cycle inhibitor
p27XIC1 (Hardcastle and Papalopulu 2000).
Extensive genetic analysis of SoxB1 function in neural development was conducted in
Drosophila. Several SoxB1 genes, were identified in Drosophila with only two SoxNeuro (SoxB1)
and Dichaete (Fish-hook, SoxB2-1) expressed early in developing CNS (Cremazy, Berta et al. 2001).
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A number of alleles were generated for both genes. Null allele of SoxNeuro leads to a spatially
restricted neural hypoplasia (Overton, Meadows et al. 2002). Dicheate null mutants exhibit severe but
variable defects in segmentation and CNS organization with fusion between segments and loss of
midline structures (Nambu and Nambu 1996; Russell, Sanchez-Soriano et al. 1996). The
hypomorphic Dr11 mutant with reduced sequence specificity of DNA binding was used to circumvent
the segmentation defect and demonstrated that midline neuropile defects are due to a requirement for
Dichaete in the nervous system. SoxNeuro/Dichaete double mutant embryos show severe neural
hypoplasia throughout the central nervous system, as well as a dramatic loss of Achaete (Ac)
expressing proneural clusters. Genetic interactions were established for Dichaete and SoxNeuro with
the dorsoventral patterning homeobox genes ventral nerve chord defective (vnd, homolog of mouse
Nkx2.2) and intermediate neuroblasts defective (ind, homolog of mouse Gsh1/2). It was suggested
that SoxB1 proteins function upstream of and in parallel to the proneural genes of the Achaete–Scute
complex and cooperate with Gsh-type, Nkx-type and POU-type homeodomain transcription factors
(Ma, Niemitz et al. 1998; Soriano and Russell 1998; Buescher, Hing et al. 2002; Overton, Meadows
et al. 2002; Zhao and Skeath 2002).

42

B

PE

A

Retina

OS+IS
OLM

Optic nerve

Iris
Cornea

C

ONL
Lens

OPL
INL

Ciliary body

D
OS+IS

r

IPL

RPE
Sclera

E

c

GCL
ILM

OLM

ONL
OPL

b

h

h
m
a

INL

a 12
3
b4
5

IPL
GCL
NF

gc
ILM

Figure 1-1. Structure of the adult mouse retina: A) - schematic representation of the mouse eye; B,C) - phase
(B) and fluorescent (B) microphotographs of a section through the mouse retina stained with a nuclear marker
Hoescht D) - schematic representation of cellular structure of the adult mouse retina. PE – pigmented
epithelium, OS+IS – outer and inner segments of photoreceptors, ONL and INL – outer and inner nuclear
layers, OPL and IPL outer and inner plexiform layers, NF - nerve fiber layer, OLM and ILM – outer and inner
limiting membranes. E) Neuronal subtypes within the mammalian retina based on neurotransmitters and
stratification within IPL (modified from http://webvision.med.utah.edu/NT.html, c - cones, r - rods; h horizontal; b - bipolar; cb, mcb, db - cone bipolar; rb - rode bipolar; a, AII, CA2, A5, A8, A17, A18, A19,
A20, A21, A22, ipc, starburst a and b - amacrine cells; gc,mgc - ganglion cells).
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Figure 1-4. Expression patterns of Sox2 and its homologs during development. A) Expression of Sox2
during development illustrated in microphotographs of the whole Sox2+/EGFP mouse embryos by EGFP
fluorescence. B) Coronal (telencephalon) and horizontal sections through E14-E15 Sox2+/EGFP mouse
embryos immunostained for ß-tubulinIII (red) demonstrate downregulation of Sox2 expression illustrated by
EGFP fluorescence (green) upon neuronal differention. C) Comparison of the SOXB1 genes expression
during neural development in vertebrates and invertebrates (Uvanogo 1999, Mizuseki 1998, Girard 2001,
Holland 2000, Kenny 2003, Zhao 2002)
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Chapter 2.
Generation of the mutant alleles of mouse Sox2 gene
Abstract
Mouse genetics provides a number of tools for in vivo manipulation of gene function in
mammals. To analyze the role of SOX2 in neural progenitors we generated three mutant alleles
(Sox2cond, Sox2lP and Sox2IR) of the mouse Sox2 gene, using homologous recombination in embryonic
stem cells. First, a Sox2cond allele contains two loxP sites flanking the gene and allows complete
removal of the SOX2 coding sequence by CRE mediated recombination to produce Sox2∆cond null
allele. In combination with available mouse lines expressing Cre the Sox2cond allele generates tissue
and/or temporal specific deletion of SOX2. Second, by modifying the 3’ region of Sox2 gene we
generated two hypomorphic alleles, Sox2lP and Sox2IR with reduced gene expression levels. Combined
with the null allele (Sox2EGFP, (Ellis, Fagan et al. 2004)), Sox2IR and Sox2lP the protein level of SOX2
is reduced to 20-40% and 10-30% of wild-type, respectively.
Analysis of the mouse lines carrying generated alleles and their combinations with Sox2EGFP null
allele revealed that a critical level, of approximately 40% of wild-type Sox2 expression is essential for
normal development. All of the Sox2lP/EGFP and 60% of S o x 2IR/EGFP mice die at birth while the
surviving Sox2IR/EGFP pups demonstrate severe growth retardation and distinctive behavioral defects.
Furthermore, all compound hypomorphic null mice (Sox2lP/EGFP, Sox2IR/EGFP) display aberrant eye
development emphasizing importance of Sox2 for eye development.

Introduction
Structure of the mouse Sox2 locus
Mouse Sox2 is a single copy gene localized on chromosome 3 (3A3 cytobend, 15cM, contig 34.1
position 34027485-34186430). The open reading frame (ORF) is encoded by a single exon. Two
introns were identified in the 3’UTR (Wiebe, Wilder et al. 2000/, Genebank) (Figure 2-1A), but no
splice variants were detected. Genebank sequence analysis algorithm predicts a number of exons in
close vicinity of mouse Sox2 coding region. Some of the exons have been confirmed by multiple
expressed sequence tags (ESTs) that overlap but do not include the Sox2 exons, suggesting the
complex structure of the locus. Recently, a gene overlapping Sox2, Sox2OT was identified in humans
based on the available ESTs as well as sequence conservation between species (Fantes, Ragge et al.
2003). An overlapping uncharacterized gene was also referenced in the mouse genome (reference
#B230215L15) based on ESTs. Both in mice and humans Sox2 is located in the first intron of Sox2OT
(Figure 2-1A). The modifications introduced into Sox2 locus in this study did not affect exons of the
overlapping gene or other predicted and/or EST confirmed exons.
Several studies have addressed the structure and function of cis-regulatory elements of the mouse
Sox2 locus (Figure 2-1A). A minimal promoter region is located between -528 and +238 relative to
the transcription start site (406 bp upstream of the ORF). This region contains regulatory elements
capable of activating Sox2 gene transcription in ES cells (Wiebe, Wilder et al. 2000). Transgenic
experiments identified a proximal 5’ regulatory fragment (-5.7 to -3.3 kb from the transcription start
site) that drives region-specific transgene expression to the developing telencephalon, predominantly
in its dorsal aspect and to the progenitor cells of the ventricular zone in the adult CNS (Zappone, Galli
et al. 2000). Characterization of Sox2 regulatory regions in embryonic carcinoma and ES cell lines
identified two fragments specifically active in undifferentiated stem cell cultures: SRRI (5’ proximal
NheI-HindIII fragment, later narrowed down to 450bp in its 3’ region) and SRR2 (contained in 3’
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proximal NheI-SalI fragment and narrowed down to 81bp, +3831 to +4011). Both SRR1 and SRR2
regions contains critical autoregulatory element that can be bound by SOX2 and POU-domain
transcription factors (Tomioka, Nishimoto et al. 2002; Catena, Tiveron et al. 2004; Miyagi, Saito et
al. 2004). Extensive analysis of Sox2 cis-regulatory elements was carried out for 46 kb region
surrounding chicken Sox2 gene using in ovo electroporation. Based on obtained results and crossspecies sequence conservation several regulatory regions were predicted in mouse and human Sox2
(Figure 2-1A). The results pointed out the complexity of the regulation of the locus with multiple and
wide spread extragenic enhancers having distinct spatio-temporal specificities (Uchikawa, Ishida et
al. 2003) (Uchikawa, Takemoto et al. 2004).
Alleles of mouse Sox2
To date, genetic analysis of the Sox2 gene in mouse was approached through complete deletion
of its coding sequence as well as by generation of tissue specific regulatory alleles. Homozygous null
mice (Sox2ß-geo, Sox2EGFP alleles) die before gastrulation while the heterozygote-null mice display no
obvious phenotype. Both Sox2ß-geo, Sox2EGFP alleles are reporter strains for Sox2 expression through
the introduction of ß-galactosidase and Egfp genes respectively into the endogenous Sox2 locus
(Figure 2-1B) (Avilion, Nicolis et al. 2003; Ellis, Fagan et al. 2004). The peri-implantation lethality
of Sox2 homozygous null embryos demonstrates a unique role for Sox2 during early embryonic
development. SOX2 is present in all epiblast cells by E6.5 (Hayashi, Lewis et al. 2002) and the
epiblast cells are lost in Sox2-null homozygotes. In vitro analysis shows that inner cell mass (ICM)
cells of the blastocyst cease to proliferate and self-renew. No expression of the Oct3/4 was observed
in ICM explants from Sox2 null blastocysts while some of them aberrantly gave rise to differentiated
trophoblast cells suggesting lineage change of the mutant ICM (Avilion, Nicolis et al. 2003).
Three alleles Sox2∆ENH, Sox2Lcc and Sox2Ysb carrying regulatory mutations in the mouse Sox2
locus have been described that circumvented the early embryonic lethality of the null allele. Sox2∆ENH
hypomorphic allele was generated by targeted deletion of telencephalon specific enhancer (Zappone,
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Galli et al. 2000) using homologous recombination in mouse ES cells (Ferri, Cavallaro et al.
2004)(Figure 2-1B). The transcriptional output of Sox2∆ENH in neural precursors derived from mutant
adult brains and grown in vitro was approximately half of a wild-type allele. Compound Sox2ß-geo/∆ENH
heterozygotes carrying this mutation in combination with Sox2 null allele (Sox2ß-geo) expressed Sox2
at about 25-30% level compared to wild-type in the brain tissues. Most of the Sox2ß-geo/∆ENH mice were
viable but showed a number of neurological impairments accompanied by slight morphological
defects of the brain. The mutation causes neurodegeneration and impairs adult neurogenesis (Ferri,
Cavallaro et al. 2004). However, no analysis of the molecular mechanisms altered by aberrant Sox2
levels was conducted with this allele.
The mouse mutant Light coat and circling (Lcc) was recovered in a radiation mutagenesis
experiments and contains a chromosome 3 inversion with breakpoints at cytobends B and E1 (MGI;
Lyon, Phillips et al. 1979). The Yellow submarine (Ysb) mutant was obtained through a random
insertion of an unrelated pAA2 transgene at two sites on chromosome 3 and a 20 kb deletion was also
associated with one of these integration sites located in cytobend A3 (MGI; Dong, Leung et al. 2002).
A recent study using a gene complementation test with Sox2ßgeo null allele as well analysis of Sox2
expression in mutant mice has identified Sox2 as the affected gene in both mutants. Both mutations
selectively decreased Sox2 expression in the developing inner ear. Malformations outside of the inner
ear were not described. No alterations were detected in the Sox2 coding region and nearby flanking
DNA. However, because both mutations were mapped in the vicinity of Sox2 locus, results of the
complementation test and because of the extensive regulatory region of Sox2 gene, authors have
suggested that distal regulatory elements of Sox2 were affected. The promoter-enhancer interference
mechanism was also suggested for Ysb insertional mutant. These alleles demonstrated that in the
absence of SOX2 the earliest identified marker of the otic vesicle neural progenitors, Math1 (Ath1) is
not expressed suggesting that in mammals, as observed in other species, Sox2 acts upstream of the
proneural genes (Kiernan, Pelling et al. 2005).
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The described regulatory mutants illustrate the importance of Sox2 in mammalian neural
development. However other members of the SoxB1 gene family Sox1 and Sox3 are expressed during
development in both the telencephalon and the inner ear. Considering the close homology between
these genes it is possible that at functional level loss of Sox2 was compensated, at least in part, by
Sox1 or Sox2. Thus, in order to fully understand SOX2 function additional tools are needed to
manipulate its expression in neural progenitor cells.
Mutagenic approaches used for this study
For this study we used two approaches to manipulate Sox2 expression in neural progenitors. Our
first approach relied on generation of a conditional null allele using the Cre-loxP system, a technique
used to overcome early lethality of mice carrying null alleles and examine the consequences of gene
loss in selective cell populations at the level of an entire organism. As a second approach we chose to
generate hypomorphic alleles. By definition a hypomorphic allele contains mutations that either alter
the gene product to reduce its functionality, or reduce the expression level of the wild-type gene
product. In either case the activity of the gene product is altered but not completely ablated.
The functional Cre-loxP system requires two components: the CRE-recombinase (Cyclization
REcombination, CRE), and its target DNA sequences the loci of crossover in P1 (loxP elements). The
CRE protein (approx 38 kd) is a site-specific DNA recombinase of the integrase family isolated from
bacteriophage P1 and serves to cyclize P1 DNA after infections and during bacterial division. LoxP
elements are 34 bp nucleotide sequences, originally found in the P1 genome, consisting of two 13 bp
inverted repeats flanking an 8 bp nonpalindromic core. The asymmetric core sequence defines the
orientation of the loxP site. In the presence of CRE and its targets the efficient recombination reaction
takes place regardless of the cellular environment and with no need for additional co-factors. A single
recombinase molecule binds to each palindromic half of a loxP site, then the recombinase molecules
form a tetramer, thus bringing the two loxP sites together and recombination occurs within the core
sequence of the loxP sites (Voziyanov, Pathania et al. 1999). The event is conservative and leaves a
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single post-recombination loxP site formed by the two complementary halves of the original sites. To
generate a conditional null allele the pair of loxP sites in head-to-tail orientation is introduced
flanking the gene of interest or its essential functional domain. The recombination event results in
irreversible excision of the intervening DNA (Sauer and Henderson 1988; Nagy 2000).
The delivery of CRE can be achieved through interbreeding with available mouse lines
expressing Cre or by viral infection or/and electroporation of Cre expressing vectors. In both cases
spatial and temporal control of CRE activity is possible. Spatial restriction of CRE expression can be
achieved using a cell-type or tissue specific promoter or locus. Introduction of inducible regulatory
elements provides additional temporal control over CRE activity. Commonly used systems include
tetracycline inducible transcription system and tamoxifen inducible system of CRE activity control
through regulation of translocation into cell nucleus (Garcia and Mills 2002). A number of transgenic
or knock-in mouse lines expressing Cre in the different populations of neural progenitors are
currently available (http://nagy.mshri.on.ca/PubLinks/indexmain.html).
Generation of conditional and hypomorphic alleles requires modification of the endogenous
locus that can be achieved through the gene targeting in embryonic stem cells. Gene targeting relies
on fortuitous event and the cell's enzymatic machinery to accomplish homologous recombination,
which generally occurs at a low frequency of roughly one event per 105 to 107 treated cells (Vasquez,
Marburger et al. 2001). The reaction results in substitution of the endogenous genomic sequence with
the part of the engineered construct contained between two homologous regions. The targeting vector
is generated so that it contains the designed modifications flanked by extensive regions of homology
to the endogenous locus.
Random integration of targeting vector into genome through random or non-homologous
recombination occurs at more than a 1,000-fold higher frequency (about one cell per 102 to 104
treated cells) than homologous recombination and therefore represents the biggest obstacle to finding
desired clones. Several systems have been devised to suppress the number of random integrants that
survive selection and thereby improve the ratio of targeted recombinants to random integrants. These
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include positive-negative selection, promoter and polyadenylation trap strategies, and marker-target
gene fusions (Hogan 1994).
Positive-negative selection is the most commonly used approach that works well in mouse
embryonic stem cells. Enrichment for the clones that integrated the construct is conducted through
positive chemical selection. The most commonly used selection marker is neomycin
phosphotransferase II (nptII) gene initially isolated from the transposon Tn5 of the K12 strain of
Escherichia coli bacterium. It encodes the enzyme aminoglycoside 3'-phosphotransferase, which
inactivates a range of aminoglycoside antibiotics including neomycin, kanamycin, geneticin (G418),
and paromomycin by phosphorylation. Neomycin and its derivatives bind to the 30S or 50S subunit
of the ribosome causing miscoding. During protein synthesis it inhibits initiation and elongation and
therefore kills cells, including wild-type mouse cells. To reduce the probability of random integration
of the construct the marker for negative selection is introduced outside the homology region. Two
genes are commonly used as negative selection markers. The herpes simplex virus thymidine kinase
gene sensitizes cells to nucleoside analogs. The modified gene encoding the diphtheria toxin fragment
A (DTA) of the Corynebacterium diphtheriae produces enzymaticaly active form of the toxin that
catalyzes the transfer of ADP-ribose from NAD to the eukaryotic Elongation Factor 2 which inhibits
the function of the latter in protein synthesis. Ultimately, inactivation of all of the elongation factors
in the host cell causes cell death (Robertson 1987; Hogan 1994).
Generation of mouse line carrying gene modifications designed in targeting construct relies on
successful completion of the following consecutive steps. The targeting vectors are introduced into
ES cell line, subjected to the chemical selection and single cell derived clones are screened for
homologous recombination. The identified modified ES cells are mixed with the inner cell mass of
the blastocysts by injection in vitro and chimera animals are obtained through uterus or oviduct
blastocysts transfer into foster pseudopregnant females. Breeding of chimera with the germ line cells
derived from the introduced ES cell clone generates the mouse line with desired modification
(Robertson 1987; Hogan 1994).
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Materials and methods
DNA manipulation and construct design
The genomic DNA carrying about 20 kilobase pairs (kb) of mouse Sox2 locus was obtained from
λFIXII 129 mouse genomic library(Zappone, Galli et al. 2000; Avilion, Nicolis et al. 2003) and the
following sequential fragments 7.2kb NheI-NheI fragment 5’ of Sox2, 6.6kb NheI-NheI fragment 5’
containing entire Sox2 coding region and three fragments 3’ of Sox2: 1.6kb NheI-SalI fragment, 2.5kb
SalI-SalI fragment (P1 full) and 3.8kb SalI-XhoI fragment (P2 full) were subcloned into
pBluescriptKS (Stratagene) derived plasmids (Figure 2-1C). DNA sequencing was conducted at
UNC-CH Automated DNA Sequencing Facility (http://152.19.68.152/gafsite/Main.asp) and sequence
alignment was conducted using Sequencher (GeneCode Corporation) and ABI Viewer software. The
primers for pBS, as well as primers generated for the available and newly obtained Sox2 genomic
sequence were used. The in silica sequence analysis was conducted using MacVector (Accelrys) and
Vector NTI (Invitrogene).
Two targeting vectors were constructed in pBS backbone as described below using standard
restriction cloning techniques (1998) and DH5a E.coli cells (Invitrogen). Molecular biology enzymes
and CRE-recombinase were obtained from New England Biolabs (NEB). Agarose (AquaPor, Genetic
Technologies) electrophoreses was conducted and visualized using BioRad system. All
oligonucleotides were obtained from Intergrated DNA Technologies.
The 38kb loxP insertion fragment was generated by aligning of the following oligonucleotides:
5’-

CTAGATAACTTCGTATAGCATACATTATACGAAGTTAT-3’

and

5’-

TATTGAAGCATATCGTATGTAATAT GCTTCAATAGATC-3’. The point mutation G639A in
Sox2 cDNA was generated with QuikChange site-directed mutagenesis kit (Stratagene) using the
following direct 5’-GGAGATCAGCAAGCGCCTGAGCGCGGA GTGGAAACTTTTG-3’ and
reverse 5’-CAAAAGTTTCCACTCCGCGCTCAGGCGCTTGCTGATCTCC primers.
pMC1Cre plasmid was used for transient Cre expression.
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Gene targeting by homologous recombination in embryonic stem cells
CCE mouse embryonic stem (ES) cells derived from 129/SvPas mouse strain (Robertson 1987)
(gift from Dr. E. Robertson, Oxford University) were maintained as adhered cultures in ES cell
medium: 1x Dulbecco’s modification of Eagle’s medium (DMEM, Sigma), 15% ES cell grade fetal
bovine serum (Gibco BRL), 2mM L-Glutamine (Gibco BRL), 55uM ß-Mercaptoethanol, 10*10-3u/ml
Pennicilin (Gibco BRL), 1ug/ml Streptomycin (Gibco BRL) on tissue culture treated plates coated
with 1%gelatin and a layer of STO feeder cells. Neomycin and hygromycin resistant STO cells
derived from mouse embryonic fibroblasts (Robertson 1987) (gift from Dr. E. Robertson, Oxford
University) were culture in STO cell medium: 1xDMEM (Sigma), 10% fetal bovine serum (Gibco
BRL), 2mM Glutamine (Gibco BRL), 10*10-3u/ml Pennicilin (Gibco BRL), 1ug/ml Streptomycin
(Gibco BRL). Mitotically inactive feeders were prepared by treatment of the confluent STO cells with
1ug/ml Mitomycin C (Sigma) for 2h and plated at 5*104/cm2 density. Both cell lines were split by
trypsinization 0.5g/l Tripsin, 0.2g/l EDTA-4Na in Hank's balanced salt solution (Trypsin-EDTA,
Sigma) and stored in 10% dimethyl sulfoxide (DMSO, Sigma) supplemented ES cell medium in
liquid nitrogen(Robertson 1987).
Targeting vectors were linearized with SalI, DNA purified and 30 ug (1ug/ul) of each construct
were electroporated (BioRad Gene Pulser at 220 V, 960 mF) into 2*107 of dissociated CCE
129/SvPas ES cells resuspended in 0.6 ul of 1xPBS. ES cells were passaged 24h in advance, grown to
about 80% confluence and transferred into fresh ES cell medium approximately 4 hour before
electroporation.
Electroporated ES cells were plated on three 100mm dishes coated with gelatin and feeder cell
layer. Chemical selection was begun 24 hours after plating using geneticin supplemented to ES cell
medium at 250ug/ml (Geneticin, 50mg/ml Gibco BRL). After 7 days of selection the single cell
derived colonies were isolated and expanded on gelatin coated 96 well plates containing a layer of
STO feeder cells. Clones were split twice 1:2 and frozen in DMSO supplemented ES cell grade fetal
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bovine serum. The second time half of the cells were plated without the feeder layer and grown to
maximum confluence. The clones grown without the feeder layer were used to generate DNA for
Southern blotting and PCR assays for homologous recombination. DNA was prepared in 96 well
plates using proteinase K supplemented lyses (10mM Tris pH7.5, 10mM EDTA, 10mM NaCl,
0.5%SDS, 1mg/ml proteinase K) and subsequent ethanol precipitation.
Putative homologously recombined clones were recovered from the corresponding 96 well plates
and were established as the individual ES cell lines. DNA from the these cell lines was prepared after
plating without the feeder layer using phenol/chlorophorm purification and was re-analyzed for
homologous recombination as well as presence of all of the designed modifications.
The confirmed clones were injected in C57Bl6J (Jackson Labs) blastocysts (E3.5) and uterine
embryonic transfer was performed into B6CBA (Jackson Labs) or F1/J (Jackson Labs)
pseudopregnant recipient female mice pluged with vasectomized CD1 males (Jackson Labs) at stage
E2.5. Foster females were anesthetized with avertin (15ul of the 2.5% solution per gram of body
weight) an operation was performed as previously described (Robertson 1987).
All chimeras were bread to C57Bl6J females (Jackson Labs) and the progeny with target
genotype were identified among agouti coat color pups by Southern blot and PCR analysis of tail
biopsy genomic DNA.
Mice handling and genotyping
Mouse experiments were conducted according to guidelines approved by the UNC Institutional
Animal Care and Use Committee.
Sox2cond, Sox2∆cond, Sox2LP, Sox2I R and Sox2IRdN mouse lines were generated in the lab as
described below and consecutive progeny were genotyped by Southern blotting with P1 probe after
EcoRI digest as well as by appropriate PCR combination: Sox2LP2 and Sox2WT for Sox2cond, Sox2LP
and Sox2IR; Sox∆cond and Sox2WT for Sox2∆cond; and dsRed and Sox2WT for Sox2IRdN.
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Sox2+/EGFP mice generated previously in the lab (Ellis, Fagan et al. 2004) and were genotyped by
EGFP fluorescence in neural tube as well as by the HRS2 PCR protocol and/or Southern blotting with
P1 or P2 probe after EcoRI digest. Sox2+/EGFPdN mice generated by Cre-mediated excision of loxP
flanked Neo cassette from Sox2EGFP allele were genotyped by EGFP fluorescence in neural tube as
well as GFP PCR protocol and Southern blotting with P1 probe after BglII digest.
ACTB-Cre mouse line (FVB/N-Tg(ACTB-Cre)2Mrt/J Jacksons Lab(Lewandoski, Meyers et al.
1997)) maintained on mixed background was obtained from Dr William Snider lab and genotyped
using the CRE PCR protocol.
Genomic DNA for genotyping was obtained at P10-P14 from tail biopsy using sodium hydroxide
fast purification protocol (1998).
For timed matting, the identification of a copulatory plug was considered to be E0.5, and
embryonic age was confirmed by morphological inspection. Pregnant mice were sacrificed by
cervical dislocation. Yolk sac DNA was used to genotype embryos before E13.5 and tail biopsy was
used for older embryos and pups.

PCR protocols
PCR reactions were conducted on aPTC-200 Peltier thermal cycler (MJ Research) using PCR
reagents from Invitrogen. The following PCR protocols and primers were used.
S o x 2 PCR1 was designed to amplify the HMG-box coding region of S O X 2 (5’GCGCGCATGTATAACAT-3’ and 5’-TCCATGCGCTGGTTCA-3’ primers; 35 cycles at 94°C for
30s, at 57°C for 30s, at 72°C for 60s, with betaine; generated 485 base pairs (bp) product).
Sox2PCR2 was designed to amplify the 3’ half of SOX2 coding region corresponding to the part
of the ORF encoding the C-terminal domain (5’-CCAAGACGCTCATGAAG-3’ and 5’CTTCTCCAGTTCGCAG-3’ primers; 35 cycles at 94°C for 30s, at 57°C for 30s, at 72°C for 60s;
generated 632 base pairs (bp) product).
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Sox2lP2 PCR (Figure 2-2C) was designed to amplify the 3’ loxP site, identical in Sox2lP, Sox2IR
and

S o x 2cond

alleles

(5’-CAGCAGCCTCTGTTCCACATACAC-3’

and

5’-

CAACGCATTTCAGTTCCCCG-3’ primers; 35 cycles at 94°C for 15s, at 56°C for 30s, at 72°C for
40s; generated 297 bp product).
Sox2WT was designed to distinguish the wild-type Sox2 allele by amplifying the 3’ region were
the insertions were introduced. This region is also deleted in previously generated Sox2-null alleles.
(5’-GCTCTGTTATTGGAATCAGGCTGC-3’ and 5’-CTGCTCAGGGAAGGAGGGG-3’ primers;
35 cycles at 94°C for 15s, at 55°C for 30s, at 72°C for 30s; generated 382 bp product).
Sox2LP1 PCR protocol amplifies the region overlapping 5’ SpeI site were the 5’ loxP site
insertion was introduced in targeting vector A (5’-CAGAGGACTCGTGTTTGGGAAC-3’ and 5’TCTTGGATACATAAGGGTGGATGG-3’ primers; 35 cycles at 94°C for 15s, at 57°C for 30s, at
72°C for 30s). Sox2cond allele is detected by 345 bp product versus 307 bp product for wild-type allele.
Sox2∆cond PCR produces 589bp product that in wild-type or unrecombined allele can produce
the product longer then 2000bp but is not not detectable under conditions specified (5’CTTCTTTCCGTTGATGCTTTCG-3’ and 5’- ATCTTGGTGGCTGAACAGTTATCC-3’ primers;
35 cycles at 94°C for 15s, at 55°C for 30s, at 72°C for 40s).
HRS2 was designed to genotype Sox2EGFP allele (5’-CGCTTCCTCGTGCTTTACG-3’ and 5’GGCTTCTCCTTTTTTTGCAGT-3’ primers; 35 cycles at 94°C for 15s, at 60°C for 30s, at 72°C for
45s, betaine; generates approximately 700bp product).
dsRED PCR was designed for genotyping of Sox2IRdN and Sox2IR alleles amplifies IRES and
5’dsRed2

sequences

from

IRESdsRed2

cassette

(Clontech)

(5'-

GGCTCTCCTCAAGCGTATTCAAC-3' and 5'-TTGTAGTCGGGGATGTCGGC-3' primers; 35
cycles at 94°C for 15s, at 58°C for 30s, at 72°C for 45s; generates 440bp product).
GFP PCR was designed for genotyping S o x 2EGFPdN and S o x 2EGFP alleles (5'GCCACAAGTTCAGCGTGTCC-3' and 5'-GCTTCTCGTTGGGGTCTTTGC-3' primers; 35 cycles
at 94°C for 30s, at 55°C for 60s, at 72°C for 60s; generates 573bp product).
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Cre PCR was designed for genotyping mouse lines carrying bacteriophage P1 Cre gene amplifies
ORF

of

the

gene

(5'-

GCTAAACATGCTTCATCGTCGG-3'

and

5'-

GATCTCCGGTATTGAAACTCCAGC-3' primers; 35 cycles at 94°C for 30s, at 62°C for 120s, at
72°C for 120s; generates 750bp product).
Southern blotting analysis of genomic DNA
Southern blotting was performed using standard procedures (1998).
Genomic DNA was digested for 24h using appropriate restriction enzyme, separated on a 0.7%
TAE agarose gel, treated with 0.125N HCl for 15 min, transferred according to alkali capillary transfer
protocol onto Hybond N+ nitrocellulose membrane (Amersham) and cross-fixed by backing at 100oC
for 2h.
The hybridization with both P1 and PS2 probes (Figure 2-2A) was conducted in Church
hybridization buffer at 65oC. P1 probe (2.0kb) was generated by SalI-SacI restriction digest of the
subcloned Sal-Sal genomic fragment (P1 full). PS2 probe, corresponding to proximal 3’UTR
fragment of Sox2 was generated by AccI-XbaI digest of S o x 2 cDNA plasmid (Collignon,
Sockanathan et al. 1996). Probes were labeled with [a-32P]dCTP using random primer DNA labeling
kit (Prime-a-Gene, Promega) and purified on Probe-Quant G-50 microcolumns (Amersham
Biosciences) and activity of the probe was assayed with Beckmann Counter. The most stringent wash
employed 0.1xSSC 0.1% SDS buffer at 65°C.
The blot was then exposed to a phosphoimager cassette, visualized using Typhoon scanner and
analyzed using ImageQuant software (Amersham Biosciences).
Northern blotting
E14 embryos were dissected from the placenta and the entire brain was resected from each
embryo on ice and fast frozen using liquid nitrogen. The samples were stored at –80oC. Total RNA
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was extracted from frozen tissue samples using Trizol reagent (Invitrogene). RNA concentration was
assayed by optic density at 260nm.
RNA, 10ug per sample, was denatured in formaldehyde/ethidium bromide loading buffer and
separated on 1% agarose gel supplemented with 2.2M formaldehyde gel using MOPS running buffer.
The RNA was transferred according to alkali capillary protocol (1998), cross-fixed by backing at
100oC for 2h and hybridized in Church hybridization buffer at 65oC. PS2 DNA probe, corresponding
to proximal 3’UTR fragment of Sox2 was generated by AccI-XbaI digest of Sox2 cDNA plasmid.
DNA probe for ß-Actin mRNA was generated as 939bp RT-PCR product from mouse embryonic
RNA using 5’-GTGACGAGGCCCAGAGCAAGAG-3’ and 5’-AGGGGCCGGACTCATCGTA-3’
primers. Probes were labeled with [a-32P]dCTP using random primer DNA labeling kit (Prime-aGene, Promega) and purified on Probe-Quant G-50 microcolumns (Amersham Biosciences) and
activity of the probe was assayed with Beckmann Counter. The most stringent wash employed 0.5x
SSC; 0.1% SDS; 5mM EDTA and 1%BSA buffer at 65°C.

The blot was then exposed to a phosphoimager cassette, visualized using Typhoon scanner,
analyzed and quantified using ImageQuant software (Amersham Biosciences).

Western blotting
E14 embryos were dissected from the placenta and the entire brain and two eyes were isolated
from each embryo. Whole cell extracts were made by dounce homogenizing the whole brain, or two
eyes in 200ul RIPA buffer (0.15 M NaCl, 50 mM Tris-Cl, pH 7.2, 1% deoxycholic acid, 1% Triton-X
100, 0.1% sodium dodecylsulfate) containing 1X protease inhibitor cocktail (Sigma) and sonicated
once at 60% power for 5 seconds using a Dismembranator 500 sonicator (Fisher Scientific). All
samples were frozen at –20°C until needed.
The samples were centrifuged for 1 minute at 13,000 rpm to pellet debris. The concentration of
protein in the extracts was determined by the Bradford method using Biorad Protein Assay reagent
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(Biorad). Brain (25 µg) and eye (5 µg) protein extracts were mixed with 2X Laemlli Buffer, 1:1,
(Sigma) and heated for 10 minutes at 100°C. The samples were separated on a 10% SDSpolyacrylamide gel and the proteins were electrophoretically transferred onto PDVF membrane
(Biorad). Following transfer, the membrane was blocked with BLOTTO (5% dried milk (w/v) in
TBS-Tween 20; 0.075%) for 15 minutes at 21°C.
Primary antibodies raised against SOX2 (AB5603; Chemicon), EGFP (A6455; Molecular
Probes) and ß-actin (A5316; Sigma) were added to BLOTTO at 1:1000 (SOX2), 1:5000 (EGFP), or
1:5000 (ß-actin) and incubated with the membrane at 4°C for ~16 hours (for SOX2) or for 1 hour at
21°C (EGFP and ß-actin). The membranes were then washed three times in TBS - Tween at 21°C for
5 minutes each. Anti-rabbit (for SOX2, EGFP) or anti-mouse (for ß-actin) IgG-horseradish
conjugated (Biorad) secondary antibody was added 1:10,000 in BLOTTO and incubated with
membrane at 21°C for 1 hour. The membrane was then washed thrice with TBS-Tween at 21°C for 5
minutes each. For detection the membranes were incubated in Enhanced Chemiluminescence Reagent
(Amersham, Arlington Heights, IL) for 5 minutes and exposed to film for varying lengths of time
ensuring exposures in the linear range for the X-OMAT-AR film (Kodak, Rochester, NY). For
quantification the film was scanned and the image densities were analyzed using NIH Image software
(http://rsb.info.nih.gov/nih-image/Default.html).
Denaturing High Performance Liquid Chromatography (DHPLC)
The genomic sequence encoding the HMG box of Sox2 was amplified using Sox2PCR1
protocol. DNA from the PCR reaction mix was separated on DNASep® polymeric cartridge in
acetonytril gradient using automatic 96 well Wave DHPLC-system and software (Transgenomic)
under standard conditions in diapason of melting temperatures 64-68oC.
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COS7 cells Transfection
COS7 cells were plated in 12 well plates at approximately 70% cell density and maintained in
DMEM suplemeted with 1% glutamate for 6 hours. DNA was trasfected using Lipofectamine-2000
reagent (Invitrogene) according to suggested protocol. After 48 hours cells were fixed in 4%
paraformaldehyde in 1xPBS and stained overnight at 4oC for SOX2 using polyclonal antibody
(1:1000, AB5603; Chemicon) in 1xPBS 1% heat inactivated goat serum, 0.1% Triton-X100 and
visualized by secondary antibody staining with FITC-anti-rabbit conjugate (1:200) for 20 min,
expression of DsRED was examined by fluorescence. Images were obtained on an inverted
fluorescent microscope (LEICA) equipped with a digital camera (SPOT2) and Spot software.
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Results
Constructs designs and rationale
Introduction of engineered modifications into mouse genomic locus is accomplished by
homologous recombination in ES cells (Hogan 1994). Design of targeting vectors for homologous
recombination requires detailed information about the endogenous locus. The sequence shared by the
vector and endogenous locus is required to target the desired modifications. Also interference of the
introduced changes with the gene structure as well as with the regulatory regions has to be
considered. At the beginning of this project only the restiction enzyme map for Sox2 locus was
available (Zappone, Galli et al. 2000). The sequence of 20kb of Sox2 locus was generated partially by
direct sequencing of the existing genomic clones derived from λFIXII 129 mouse genomic library
(Zappone, Galli et al. 2000; Avilion, Nicolis et al. 2003) that were subcloned into pBluescript derived
plasmids (Figure 2-1C). The published partial sequences (Yuan, Corbi et al. 1995; Collignon,
Sockanathan et al. 1996; Wiebe, Wilder et al. 2000) were also used for alignment. Positions of
characterized regulatory sequences, such as the minimal promoter region (Wiebe, Wilder et al. 2000)
and the telencephalic enhancer (Zappone, Galli et al. 2000) were determined on the generated contig.
Later, the obtained contig was compared with GeneBank data and no significant differences (besides
few SNPs) were found between the two sequences.
Targeting vector A
To generate a conditional Sox2 null allele using the Cre-loxP system we had to surround the
functionally essential part of the gene with two loxP sites and to position the modifications, so that to
minimize the probability of interference with the regulatory sequences, in particular the minimal
promoter region. The exons, which encode Sox2 and its minimal promoter, are located within a
relatively small region of about 3.0kb. Previously generated null alleles that deleted a fragment
incorporating Sox2 open reading frame, complete 3’UTR and 3’proximal genomic sequence resulted
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in complete inactivation of gene function (Figure 2-1B). In targeting vector A we enclosed a fragment
encoding the full Sox2 mRNA and minimal promoter region between the two loxP sites positioned in
head-to-tail orientation (Figure 2-2A). The 5’ loxP site was introduced as 38 base pairs (bp) insertion.
To achieve minimal interference with the function of the locus it was placed into the first SpeI site 5’
of the start ATG of Sox2 that is located outside both the minimal promoter and the proximal enhancer
region. The 3’ loxP site was introduced as a part of 1.8 kb insertion in the first NheI site 3’ to the
Sox2 polyA signal. The insertion included the positive drug selection cassette for neomycin and its
derivatives (Neo) encoding nptII gene driven by phosphoglycerate kinase (PGK) promoter (gift from
Dr. S. Harrison) and followed by loxP site.
The 11 kb 5’ (2nd 5’ NheI - SpeI) and 1.6 kb 3’ (NheI - SalI) homology regions for Sox2 locus
flank the insertions. The cassette for negative selection against random vector integration events was
introduced at the 3’end of the construct. It consists of a part of diphtheriotoxin gene that encodes
fragment A of the protein, driven by PGK promoter and followed by two ß-actin polyA sites (DTA)
(gift from the lab of Dr. P. Soriano). Restriction enzyme (SalI) recognition used for linearization was
located at the 3’ end of the DTA cassette. The vector introduces extra EcoRI, AvrII, SacI and SpeI
restriction enzyme recognition sites into the locus.
The function of designed loxP sites in targeting vector A was assayed in vitro using recombinant
CRE enzyme. The CRE catalyzed reaction excised and circularized the 4.9kb fragment between the
two loxP sites from the original 21.9kb Sox2 targeting construct. Digestion with SpeI restriction
enzyme confirmed that the recombination event deleted the SOX2 encoding region and Neo cassette,
as predicted. From the three SpeI recognition sites, two are localized in the Neo cassette and one in
the DTA cassette. Digest of the original construct produces three fragments: the 1.6kb fragment
encompassing the Neo, the 1.9kb fragment that contains the 3’ loxP site and the 18.4kb fragment that
contains the rest of the plasmid including the 5’ loxP site. Two SpeI recognition sites remain in the
excised fragment and its digest produces the 1.6kb fragment as well as the new 3.2kb fragment which
size corresponds to the combined length between the 5’loxP – 5’ SpeI and 3’SpeI – 3’loxP. The CRE
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catalyzed in vitro reaction is incomplete thus the fragments derived from the original construct are
also present in the digest (Figure 2-2B).
Targeting vector B
To generate a hypomorphic allele, targeting vector B (Figure 2-2A) was designed to introduce
the single point mutation in the SOX2 ORF. The G>S amino acid substitution at the evolutionary
conservative position (amino acid 40 of the HMG-box) in the DNA-binding HMG-box domain was
designed based on the described hypomorphic mutation (Dr11) in Drosophila homolog of SOX2 –
Dichaete (Soriano and Russell 1998). The single base pair mutation (G/A) that generates G40S amino
acid substitution in mouse SOX2 was generated by site-directed mutagenesis of the plasmid and
confirmed by sequencing. The Sox2G40S mutated genomic sequence was used to generate the
targeting vector B. To facilitate the phenotype analysis and genotyping we linked the red fluorescent
protein (dsRED2) to Sox2 through an internal ribosome entry site (IRES). The IRESdsRed2 construct
(Clontech) was introduced between the first EcoRV and NheI sites 3’ of the Sox2 ORF partially
replacing 32 bp of the 3’UTR including polyA signal and 321bp of the 3’ untranscribed region. The
Neo positive selection cassette flanked by two loxP sites was introduced downstream of dsRed2 polyA
signal. The Sox2G40S-IRESdsRed2 coding sequence and Neo were flanked by 11 kb 5’ (2nd 5’ NheISpeI) and 1.6 kb 3’ (NheI-SalI) homology regions followed by DTA cassette at the 3’-end of the
shorter, 3’ arm. The SalI linearization site was located 3’ of the DTA cassette. The vector introduces
an extra EcoRI, AvrII, SacI and SpeI recognition sites into the locus allowing detection of the
modification with restriction digests (Figure 2-2A).
The co-expression of SOX2 and dsRED2 linked by IRES was confirmed by sub-clonning the
AfeI – SpeI fragment of vector B, incorporating the Sox2G40S-IRESdsRed2 under the CMV promoter
in pDNA3.1 vector (Invitrogen) and transient expression of the resulting pCMV-Sox2G40SIRESdsRed2 construct in the COS7 cell line. After 24 hours in culture red fluorescent cells were
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detected and subsequent immunohistochemical analysis with an antibody against SOX2 showed
nuclear staining in the transfected cells (Figure 2-2C).
The designed targeting constructs were identical in their backbone and homology regions as well
as positive (Neo) and negative (DTA) selection cassettes. Construct A carried two loxP sites flanking
the Sox2 coding region, while construct B contained G/A nucleotide point mutation in HMG-box
coding region as well dsRed2 expressing cassette linked to Sox2 with IRES and replacing 353bp of
Sox2 locus. The final structure of the targeting vectors was confirmed by restriction enzyme digests
and partial sequencing.
Derivation of the mouse lines carrying the allelic variations of Sox2 using homologous
recombination in embryonic stem cells
The designed targeting vectors A and B were introduced by electroporation into the CCE
129/SvPas mouse embryonic stem cell line that were previously shown to be germ line competent
(Robertson 1987) (gift from Dr. E. Robertson, Oxford University). The ES cells were subjected to
chemical selection with geneticin. Clonally derived genticin-resistant clones (about 400 for each
targeting vector) were expanded on 96 well plates.
Screening out random integrants that passed negative selection was achieved by analysis of
single clone derived genomic DNA with Southern blotting. External 3’ probe (P1) probe positioned
outside the region of homology was used to detect the modified genomic DNA fragments after
digestion with EcoRI restriction enzyme. Recognition site for EcoRI restriction enzyme in Sox2 locus
lies beyond the 3’ end of modified region, while the introduced insertions carry additional site (Figure
2-3A,B). Genomic DNA derived from about 65% of the clones was successfully analyzed. 13 and 5
clones positive for homologous recombination were recovered for targeting constructs A and B,
respectively (Figure 2-3D). Control for additional random incorporation of the targeting vectors was
conducted by Southern blotting with PS2 internal probe after the EcoRI digest.
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Injection of ES cells from the 6 clones targeted with construct A and 2 clones targeted with
construct B into C57BL/6J blastocysts produced viable chimeras from 4 and 2 clones respectively. A
total of 14 (vector A) and 8 (vector B) chimeras were obtained of which all were more then 60%
agouti and one (vector A) was female. 10 and 4 males carrying vectors A and B respectively
produced viable off-spring and germ line transmission was obtained from six chimeras derived from 3
clones A and four chimeras derived from 1 clone B. Four separate mouse lines derived from each of
the ES cell clone were established (Figure 2-3D). Generated mouse lines were maintained on a mixed
genetic background of 25–50% C57BL/6J and 50–75% 129/SvPas.
Genotyping was performed by Southern blotting with P1 probe after EcoRI digest and/or
Sox2lP2 PCR (Figure 2-3A,C). Sox2LP2 PCR protocol was designed to amplify the region
overlapping the 3’ loxP site identical in both targeting vectors. The second primer set was designed to
amplify the region overlapping the 3’ insertion site (Sox2WT) and deleted in the previously generated
Sox2 null alleles to distinguish the wild-type Sox2 allele.
Verification of the conditional allele of Sox2 in ES clones and mouse lines
targeted with vector A
For the conditional null allele based on Cre-lox system correct incorporation of the loxP sites as
well as intact structure of the protein coding region are essential. Initial analysis of the ES clones for
homologous recombinants at the Sox2 locus was conducted using Southern blotting with P1 probe
that identifies a fragment incorporating the 3’ part of the modified region. Further testing of the
introduced modifications was conducted by PCR, sequencing and CRE recombination in both ES cell
clones and generated mouse lines.
All of the identified clones homologously targeted with vector A contained an engineered 3’
loxP site that was confirmed by sequencing of the Sox2LP2 PCR product. However the 5’ loxP
insertion was confirmed only in 7 out of 13 homologously recombined clones. The 5’ loxP site was
detected using Sox2LP1 PCR protocol (Figure 2-4C) and confirmed by sequencing. The Sox2 ORF
encoding region was amplified using Sox2PCR1 and Sox2PCR2 protocols and sequenced. The allele
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that had the Sox2 encoding exons and minimal promoter followed by Neo cassette surrounded by the
two loxP sites was designated as Sox2cond (Figure 2-4A).
Recombination at Sox2cond allele in ES cell clones was tested in vitro using transient Cre
expression. The deletion of Sox2 ORF was confirmed by Southern blotting after AvrII and SacI
restriction digests using P1 and PS2 probes as well as Sox2∆cond PCR that was designed to overlap
the SpeI-NheI deletion region. Three of the confirmed clones were injected into blastocysts and
injection of one of them produced two chimeras that transmitted the Sox2cond allele through the germ
line and established the Sox2cond mouse line (Figure 2-3D).
Crossing of the Sox2+/cond heterozygotes with a mouse line ubiquitously expressing CRE under ßactin promoter (ACTB-Cre mouse, FVB/N-Tg(ACTB-Cre)2Mrt/J, Jacksons Lab(Lewandoski, Meyers
et al. 1997)) resulted in complete (in approximately 50% of double positive animals, n=23) or partial
recombination at the introduced loxP sites that was confirmed by Southern blotting after AvrII and
SacI digests (Figure 2-4B) as well as Sox2∆cond PCR (Figure 2-4D). The recombination event
generated the null allele – Sox2∆cond with full deletion of the mRNA coding sequence as well as
minimal promoter region (the 2.9kb SpeI – NheI genomic fragment incorporating Sox2 ORF) (Figure
2-4A) and separate Sox2∆cond mouse line was established.
Thus Sox2cond is a conditional allele of mouse Sox2 that can be converted to a null allele in vitro
or in vivo by CRE driven recombination.
Generation of the Sox2lP allele
Detailed analysis of the ES cell clones confirmed for homologous recombination at the Sox2
locus using additional restriction digests and partial sequencing revealed that 6 out of 13 clones
targeted with construct A and all clones targeted with vector B contained only 3’ part of the targeting
vectors, leaving the sequence of Sox2 ORF and region 5’ of the ORF without alterations.
Six clones targeted with vector A did not undergo CRE driven recombination due to the absence
of the 5’ loxP site, as was detected by Sox2LP1 PCR (Figure 2-4C) and subsequent sequencing. In
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fact the SpeI restriction site, which was removed in Sox2cond by the 5’ loxP site insertion remained
intact in these clones, as was confirmed by the Southern blotting after double EcoRI-SpeI digest
(Figure 2-5 A and B). While fragments detected with P1 probe confirm homologous recombination in
clones #3 and #4, clone #4 retains the SpeI site 5’ of the Sox2 ORF as shown by the presence of 3.5kb
fragment detected with the internal PS2 probe.
The allele that contained only the insertion of the Neo cassette in NheI site 3’ of the Sox2 polyA
signal was designated as Sox2LP allele. Two of the clones with this insertion produced viable chimeras
(Figure 2-3D) and corresponding two mouse lines Sox2lP1 and Sox2lP2 were established.
Generation of the Sox2IR allele
Clones targeted with vector B were confirmed for the 3’-end insertion as was described above.
To test if these clones carried the mutation in the Sox2 ORF we used the Sox2PCR1 designed to
amplify the HMG-box coding region of SOX2. The PCR product was then assayed for a single
nucleotide mismatch by sequencing, DNA DHPLC (Denaturing High Performance Liquid
Chromatography) and/or restriction enzyme digest. In DHPLC assay the DNA heteroduplex
generated alignment of the wild-type and mutated PCR product was detected as a double peak on
chromatogram at the optimal melting temperature (Figure 2-2D). The mutation is also detectable in
Sox2PCR1 product using the DdeI restriction digest (Figure 2-5E), since the G/A base pair mutation
created an extra DdeI recognition site in Sox2G40S (Figure 2-5C) so that the Sox2PCR1 product is
cut in half by DdeI.
Using the described assays, the engineered point mutation was confirmed in the Sox2PCR1
product generated from the final vector B construct as well as from genomic DNA purified from the
pool of ES cells electroporated with targeting vector B. The Sox2G40S mutation was also detected by
PCR followed by DdeI digest in at least ten of the clones with random incorporation of the vector.
However, in the homologously recombined clones targeted with vector B we failed to detect the
designed point mutation in Sox2 ORF by any of the techniques including sequencing (Figure 2-
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5C,D,E). Yet incorporation of IRESdsRed was confirmed both by dsRed PCR and RNA analysis
using Northern blotting (described below). The allele generated a longer transcript from the Sox2
locus than wild-type mRNA (2.3 kbp) and its approximate size (3 – 3.5 kbp) was consistent with
presence of both Sox2 and dsRED2 coding sequences linked by IRES (Figure 2-7C, arrows).
However, no dsRed fluorescence was observed in established ES line and generated animals.
The allele incorporating the 3’part of the targeting vector B had the Sox2 3’ UTR (EcoRI – NheI)
fragment replaced by IRESdsRed2 followed by loxP flanked Neo cassette and was designated as
Sox2IR and one mouse line was established (Figure 2-5C).
Sox2 mutation causes reduced viability, microphthalmia and neurological defects
In total four mouse lines derived from individual ES cell clones and containing allelic variations
of the Sox2 gene were established: one Sox2cond, two Sox2lP and one Sox2IR. All lines were interbred to
produce homozygotes. No differences were identified between the two Sox2lP lines (Sox2lP1 and
Sox2lP2) and consequently they were analyzed as a single line.
In all lines heterozygotes and homozygotes were born at Mendelian ratio on mixed 129/C57BL6J
background, genotypes confirmed by PCR and Southern blotting (Figure 2-6A). Homozygote F1 in
all lines appear smaller at about 2 weeks of age than heterozygote or wild-type littermates (60% of the
weight of littermates), but are indistinguishable at 2 months age. Both homozygote and heterozygote
mice carrying Sox2cond, Sox2lP or Sox2IR alleles exhibit normal exterior features, behavior and fertility,
with the exception of Sox2IR/IR males that didn’t produce any off-spring (n=7).
To further analyze the generated Sox2 alleles Sox2IR and Sox2LP lines were bred to heterozygote
Sox2-null mice (Sox2+/EGFP, (Ellis, Fagan et al. 2004)). During embryonic development as well as at
birth progeny of all genotypes, including compound heterozygotes Sox2IR/EGFP and Sox2lP/EGFP were
recovered at appropriate Mendelian ratios. However, all Sox2lP/EGFP died within 12 hours and 75% of
Sox2IR/EGFP pups died before genotyping age (P10-P14, (Figure 2-6C) while only about 5% survive to
adulthood (Figure 2-6D). The pups of both genotypes that died within 12 hours after birth were of
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normal size but their eyes appeared either undetectable or substantially smaller then in the littermates
(Figure 2-6B). No other abnormalities were noticed by gross morphological examination. Milk
accumulation was detected in the stomach of at least some of these pups. However, sparse and
troublesome breathing was observed in both the Sox2IR/EGFP and Sox2lP/EGFP pups.
All the surviving Sox2IR/EGFP pups displayed severe growth retardation (about 25% of the average
weight of littermates at two weeks of age) and distinctive behavioral abnormalities that were most
noticeable after 3 weeks of age. These included generally increased activity, tendency to frequently
backup after moving forward and frequent spinning sessions. All Sox2IR/EGFP animals that died before
2 month of age, demonstrated external eye defects of varying severity. These ranged from the smaller
size of the eye (microphthalmia) to complete absence of both eyes and closed eyelids (bilateral
anophthalmia) in most severe cases. The 5% percent of Sox2IR/EGFPthat survive to adulthood did not
demonstrate any external abnormalities and were indistinguishable from their littermates, except for
the characteristic behavioral features.
The highly reproducible phenotypic abnormalities observed in compound heterozygotes indicated
that these have been caused by the modifications introduced into Sox2 locus in Sox2IR and Sox2lP
alleles.
Sox2lP and Sox2IR are hypomorphic alleles due to reduced expression levels of Sox2 caused by
the Neo cassette insertion
Both the Sox2IR and Sox2LP alleles have no mutation of the SOX2 ORF, as confirmed by
sequencing and generation of Sox2 transcripts and protein of appropriate sizes (Figure 2-7 C, D).
However, the phenotypic abnormalities observed in compound heterozygotes carrying Sox2 null
allele suggested a significant alteration in SOX2 activity supported by Sox2IR and Sox2LP alleles.
To analyze possible regulatory effects of the introduced modifications we assayed the relative
amount of Sox2 mRNA and protein generated from each of the alleles compared with wild-type.
Heterozygotes Sox2+/IR and Sox2+/lP were intercrossed as well as crossed to the heterozygote null
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Sox2+/EGFP mice and the genotypes were confirmed by Southern blot with P1 probe after EcoRI digest
and PCR (Figure 2-7A,B). Total RNA and protein extracts were prepared from E14 embryonic brain
tissues and assayed by Northern and Western blotting, respectively. The results demonstrated that the
level of Sox2 is proportional to the copy number of the gene with Sox2+/EGFP mice expressing on
average 50% of the RNA levels compared to Sox2+/+ embryos. Expression from engineered alleles
was significantly lower compared with wild-type (15-30% of Sox2+/+ for Sox2lP and 25-40% for
Sox2IR) as was demonstrated both in homozygotes and compound null heterozygotes (Figure 2-7C).
SOX2 protein levels in embryonic brain tissue determined by Western blot showed direct correlation
with the level of RNA (Figure 2-7D).
The lower RNA and protein quantity at a tissue level can result from the loss of cells expressing
Sox2 gene. To exclude this possibility we assayed the level of EGFP in prepared protein extracts by
Western blot. EGFP is maintained at approximately the same level in compound heterozygotes
Sox2IR/EGFP and Sox2lP/EGFP as in the Sox2+/EGFP suggesting that proportion of Sox2 expressing cells in
the tissue doesn’t change. Thus Sox2IR and Sox2LP alleles generate less SOX2 protein then wild-type
allele and are hypomorphic alleles of the gene.
Taking into account the nature of modifications we speculated that two similar insertions
introduced 3’ to the ORF are solely responsible for the lower level of mRNA. If this is the case then
removal of Neo cassette possible in the Sox2IR allele should restore the expression level from the
locus. To test this hypothesis we crossed the Sox2IR mice to the ACTB-Cre mouse line (Lewandoski,
Meyers et al. 1997) in order to excise the loxP flanked Neo cassette. In pups carrying both ACTB-Cre
transgene and Sox2IR allele CRE-mediated recombination successfully removed the loxP flanked Neo
cassette, as was confirmed by Southern blotting (Figure 2-8A, C and D).
The resulting allele, Sox2IRdN contains only IRESdsRed2 modification in mRNA as well as small
deletion of the Sox2 3’ untranscribed region. No regulatory sequences were described in the deleted
region 3’ genomic untranscribed region, though the analysis of 3’UTR of Sox2 mRNA predicted
several regulatory regions (described below) within the fragment replaced by IRESdsRed2. However,
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both 3’UTR and genomic deletions are unique for the Sox2IR allele, while the downregulation of
expression was observed in both Sox2lP and Sox2IR.
If the insertion of the Neo cassette is responsible for lowering of Sox2 transcription the Sox2IRdN
allele should provide expression at levels equal or close to that of Sox2+. Considering that a decreased
level of Sox2 expression results in significant phenotypic abnormalities and reduced viability we were
able to test the function of Sox2IRdN allele by generating compound heterozygote null mice. Crossing
of the Sox2+/IRdN mice with Sox2+/EGFP heterozygote null mice we generated Sox2IRdN/EGFP pups, which
in contrast to Sox2IR/EGFP were recovered at Mendelian ratio both at embryonic stages and postnataly
(Figure 2-8B). The Sox2IRdN/EGFP compound heterozygote mice are viable and have no obvious
phenotypic and/or behavioral abnormalities, in particular microphthalmia. This suggests that the Neo
cassette deletion alone restores the expression level from Sox2IR allele.
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Discussion
Recombination efficiency
At the Sox2 locus the recombination occurred in about 5% of analyzed clones for targeting vector
A and about 2% for vector B. Both rates fall at higher end within the range of published rates of
homologous recombination from gene targeting constructs that vary from 0.3% to 50%, for reasons
which are poorly understood. The factors that are most crucial for determining the gene targeting
efficiency in mammalian cells include the size of isogenic DNA regions in the targeting vector and
structure of the locus (Robertson 1987; Hogan 1994). An exponential relationship between length of
homology region and targeting frequency has been described (Thomas and Capecchi 1987). The
targeting frequency is highly dependent on the length homology fragment up to 14kb of DNA, and
then reaches a plateau at 18.4 kb (Deng and Capecchi 1992). The minimal size of the homology
region required for targeting is estimated at 1kb. Thus the Sox2 targeting construct contained the
homology regions of optimal length (11kb and 1.6kb).
Both targeting vectors (A and B) had the similar structure and targeted the same genome locus.
The difference in recombination efficiency can be explained by two factors: the structure and size of
the intervening sequence between the homology regions and/or the nature of the introduced
modifications.
Screening of the homologously targeted clones revealed partial incorporation of both vectors, at a
frequency of about 50% for targeting vector A and 100% for the targeting vector B. This can be
explained by the presence of the homology region (Sox2 coding sequence) between the two sites
where modifications were introduced in the locus.
In cells homologous recombination restores the continuity of a broken DNA molecule by using an
intact and homologous DNA molecule (usually the sister chromatid) as a template. To copy
information from the template, the DNA ends at the break site are first processed into single-stranded
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DNA tails with 3' extensions. These single strand tails form a nucleoprotein complex with
recombinase and other proteins and this complex executes a search for a homologous template DNA
and the formation of a joint heteroduplex molecule. For gene targeting purposes such template can be
provided artificially by introduction of the targeting vector. The joint heteroduplex molecule provides
a substrate for DNA polymerase and its accessory factors to restore the missing information.
Migration of the branch-point of the crossed DNA strands (known as 'Holliday junctions') allows the
generation of genuine heteroduplex DNA, consisting of one strand from each of the parental DNA
molecules. Normally the polymerase stops at the end of homology region and the recombination
intermediates are resolved into intact duplex DNAs (Modesti and Kanaar 2001) (Vasquez, Marburger
et al. 2001).
In targeting vector A 5’ loxP insertion and 3’ Neo cassette and loxP insertion are separated by
about 3kb of region homologous to endogenous locus. Similarly in targeting vector B the 5’ point
mutation causing G40S amino acid substitution and 3’ IRESdsRed2-Neo cassette insertion are
separated by about 1.6kb region of homology. In both cases, during the resolution of the
recombination intermediates the second 5’ modification that was not linked to the selection marker
could have been recognized as the end of the homology region.
In case of targeting vector B the absence of the clones carrying the G40S mutation in SOX2
HMG-box domain as well as fewer number of recovered homologously recombined clones may
indicate the lethality of such mutation for the mouse ES cell line. However, the low total number of
recovered clones does not allow to prove such effect with certainty and it is possible that introduction
of IRESdsRed2 sequence reduced the efficiency of homologous recombination. Recovery of clones
carrying the randomly integrated vector B argues against the dominant nature of the SOX2G40S
mutation, however those clones also contained two but not one Sox2 wild-type alleles. Original G40S
mutation in HMG-box that was described in Drosophila mutant Dr11 did not have the dominant
negative effect. A glycine-to-serine substitution in the second helix of the DNA-binding domain
result in reduced sequence specificity of Dichaete suggesting it may be defective in target site
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recognition. The phenotype observed was mild defects in neuropile and even in hemizygotes for the
hypomorphic allele it was detected only in 80% of the mutants (Soriano and Russell 1998). However,
although HMG-domains of Dichaete and mouse SOX2 are 88% identical there is very little similarity
in protein structure outside the DNA binding domain. Thus it is possible that the same mutation had
different functional outcome in two proteins. Moreover, neither of Dichaete mutations including
complete deletions had the profound effect observed in Sox2 null mutant that suggests that its
function is less critical at early developmental stages (Soriano and Russell 1998) (Nambu and Nambu
1996) (Mukherjee, Shan et al. 2000).
The hypomorphic effect
In both the Sox2lP and Sox2IR, alleles introduction of the Neo cassette 3’ of the Sox2 coding
region resulted in reduced expression level from the locus. It is possible that insertion directly
disrupted some uncharacterized as yet regulatory element, though restored function in the Sox2IRdN
allele argues against it. Several other mechanisms can be implicated. It has been demonstrated, for
example, that incorporation of a selectable marker can affect the target locus in unexpected ways:
changing the regulation and processing of the target gene, or interfering with expression of
neighboring endogenous genes even those located over 100kb from a targeted gene (Pham, MacIvor
et al. 1996). The Neo cassette contains the hybrid gene incorporating strong phosphoglycerate kinase
I promoter, which can compete for the expression machinery with the targeted Sox2 gene. Neo
cassette elements can also interact productively with locus control regions and thereby disrupt normal
interactions between local and long-distance regulatory elements.
Regulation of mouse Sox2 expression has been addressed in several studies. The minimal Sox2
promoter was characterized in ES cells (Wiebe, Wilder et al. 2000; Zappone, Galli et al. 2000) and a
number of distal regulatory regions were described based on conservation between mouse, chicken
and human and confirmed by reporter construct electroporation in chick (Uchikawa, Ishida et al.
2003; Uchikawa, Takemoto et al. 2004). In particular, the autoregulatory enhancer SRR2 was
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identified in the proximal 3’ region. The SRR2 regulatory region was demonstrated to upregulate
gene expression in both embryonic stem cells and neural progenitor cells (Tomioka, Nishimoto et al.
2002; Miyagi, Saito et al. 2004). In both of our targeting vectors the 3’ insertion that contained the
Neo cassette was introduced in between the mRNA polyA signal and SRR2 region and interference
with this regulatory region provides a likely explanation for the observed reduction of the Sox2
expression level.
The difference in expression between Sox2IR and Sox2LP alleles, with Sox2IR providing slightly
higher SOX2 levels can be explained by the modifications of the mRNA structure in the Sox2IR allele.
Sequence analysis of the 3’UTR of mouse Sox2 revealed presence of two regulatory motifs
responsible for rapid downregulation of RNA translation. A pair of Differentiation Control Elements
(DICE), which specifically bind to regulatory proteins inhibiting translation, such as hnRNP K and
hnRNP E1 (Ostareck-Lederer, Ostareck et al. 1998), were identified at positions 1180-1198
(CTCTTCCTCCCACTCCAGG) and 1180-1198 (CACTGCCCCTGTCGCACATG) of the Sox2
cDNA. Another identified motif is “K-box” at position 2211-2218 (TTGTGATA), that mediates
negative post-transcriptional regulation mainly by decreasing transcript levels through the microRNA dependent mechanism. In particular the function of this motif has been described in many genes
that are targets of the Notch signaling cascade(Lai, Burks et al. 1998; Lai 2002). Three PolyA signals
were predicted in Sox2 mRNA at positions 1932, 2244 and 2388. In the Sox2IR and Sox2IRdN alleles the
K-box motif as well as two Sox2 polyA signals are deleted while the IRES and ß-actin polyA signal
are introduced as part of IRESdsRed cassette at EcoRV site (position 2093 of Sox2 cDNA). These
modifications could possibly lead to increased stability of the mRNA and thus in the Sox2IR allele
may account for compensation of the reduced expression level, bringing observed mRNA and protein
to the slightly higher level in the Sox2IR compared to the Sox2LP allele.
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Neonatal lethality and behavioral defects of Sox2lP/EGFP and Sox2IR/EGFP mice compared to other
mutants
The majority of compound hypomorphic-null heterozygous mice: 100% of Sox2lP/EGFP and about
60% Sox2IR/EGFP die at birth with severe eye malformations. Homozygous Sox2 null embryos do not
develop past implantation stage, while the null allele heterozygotes expressing about 50% level of
Sox2 are recovered at normal ratios. Among the described Sox2 hypomorphic alleles reduced viability
(about 35% of pups die before 2 months of age) was observed only for Sox2ß-geo/∆ENH compound
hypomorphic-null mice (Ferri, Cavallaro et al. 2004). The lethality rate associated with this allele is
however, substantially lower compared to both Sox2lP and Sox2IR and no substantial lethality was
noted specifically at birth. This difference can be explained by tissue specificity of regulatory defect
in the Sox2∆ENH allele generated by deletion of the telencephalic enhancer region that also contains the
SRR1 stem/neural progenitor enhancer region. However, previous analysis of the enhancer function
in the chimeric animals indicated that it is required only for the maintenance of forebrain expression
and is essential for dorsal telencephalic expression. In particular, in these experiments expression in
spinal cord, hindbrain, retina and gut appeared unaffected. In Sox2ß-geo/∆ENH mice the 25-30%
reduction of the Sox2 expression level was described only in neural progenitor cells of selective brain
areas (Zappone, Galli et al. 2000).
Early in embryonic development (E9) outside the neurogenic areas and sensory placodes Sox2 is
expressed in branchial arches, oral ectoderm, anterior gut and lungs (Kamachi, Uchikawa et al. 1998;
Avilion, Nicolis et al. 2003; Pevny and Placzek 2005). At later stages high level of SOX2 expression
is maintained in epithelial lining of nasopharynx, foregut and lungs as well as in hair follicles. Thus it
is possible that the high frequency of lethality observed in Sox2lP/EGFP and Sox2IR/EGFP mice results
from malformations outside the CNS. The sparse and troublesome breathing observed in new born
pups might indicate defective development of lungs and/or nasopharynx. Although further analysis is
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required to rule out the neurological defects, such as those involving the vital centers of hindbrain and
spinal cord.
The growth retardation compensated at about 2 months of age was described in Sox2ß-geo/∆ENH
mutants (Ferri, Cavallaro et al. 2004). Similar growth retardation compensated at later stages has also
been described in Sox3-/- mice and linked to the defects in the development of ventral diencephalon
in particular the infundibulum and hypothalamus (Rizzoti, Brunelli et al. 2004). It remains to be
determined whether similar abnormalities are present in generated Sox2 mutants.
Behavioral abnormalities were observed in mutant mice carrying all three of the described
hypomorphic alleles. Only the few of the mutant Sox2IR/EGFP and none of the Sox2lP/EGFP mice
survived to adulthood and no behavioral tests were conducted in this study. However, we noticed
definite correlation with some of the published observations. The ‘circling’ behavior was observed in
Sox2ß-geo/∆ENH mutants with incomplete penetrance (25%) at 3-4 weeks of age, or later (Ferri,
Cavallaro et al. 2004). A similar ‘circling’ behavior appearing at about the same age was observed
with 100% penetrance in the surviving Sox2IR/EGFP mice. Circling and head-tossing behavior
associated with changed coat color, was also observed in Sox2Ysb/Ysb and Sox2Lcc/Lcc mice (Dong, Leung
et al. 2002; Kiernan, Pelling et al. 2005).
For rodents, circling has been attributed to several neurological defects. In paricular, it has been
linked to striatal neurodegeneration in Huntingtin transgenics (Hodgson, Agopyan et al. 1999) and to
drug-induced defects of dopamine supply to the striatum, indicating the involvement of the basal
ganglia-thalamo-cortical circuitry (Wang, Bardgett et al. 2002). On the other hand it can be a result of
vestibular abnormalities caused by inner ear defects (Lee, Lee et al. 2001). In the case of the Sox2ßgeo/∆ENH

, administration of the L-DOPA, a dopamine precursor, the D1, and particularly D2, dopamine

receptor agonists drastically reduced circling indicating that a dysfunction in the dopaminergic system
is involved in generating circling in these mutant mice. Consistently thalamic-striatal reduction and
ventricle enlargement developed as early as E17.5 in Sox2ß-geo/∆ENH embryos. In Sox2ß-geo/∆ENH adults
neurons located in selected regions, such as striatum, and, particularly, septum and thalamus show
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typical features of degeneration, such as a severely shrunken and hyperchromatic cell body, nuclear
and cytoplasmic condensation, and irregular, ‘scalloped’ plasma and nuclear membranes, whereas
others located in thalamus, in paraventricular nuclei, in basolateral and lateral geniculate nuclei and in
striatum exhibit characteristic perinuclear inclusions (Ferri, Cavallaro et al. 2004). On the other hand
profound and selective inner ear defects were described in Sox2Ysb/Ysb and Sox2Lcc/Lcc mice. Both
mutants showed abnormal inner ear morphology and loss of the sensory neurons, the hair cells (Dong,
Leung et al. 2002; Kiernan, Pelling et al. 2005). Whether the similar defects of the dopaminergic
system or inner ear are present in Sox2IR/EGFP mice remains unclear.
In conclusion three alleles of mouse Sox2 were generated through homologous recombination in
ES cells and another two through subsequent CRE mediated recombination. Sox2cond is a conditional
null allele. Sox2IR and Sox2lP are hypomorphic alleles supporting respectively 20-40% and 10-30% of
Sox2+/+ expression level. Sox2∆cond is a null allele. Sox2IRdN is functionally indistinguishable from the
wild-type, but produces modified mRNA. Together with other available alleles of mouse Sox2 these
alleles offer versatile tools for genetic analysis of SOX2 function.
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Figure 2-1. Characterization of the mouse Sox2 locus. A) Structure and regulatory regions of mouse Sox2 locus
(about 50kb). Pr - promoter; SRR1 and SRR2 - embryonic stem cell specific enhancers; N1-5, NOP1-2 and SC12 - conserved regions corresponding to enhancer sequences identified in chick: N1 (72% similarity chick-mouse)
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restriction enzymes are abbreviated as following N - NheI,Nt - Not, RI - EcoRI, S - SalI, V - EcoRV
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Sequential steps in generation of mouse mutants and summary of the number of recovered ES cell (ESC) clones
and animals: 1) clones of the ESC carrying Neo cassette recovered after electroporation of the homologous
recombination vector followed by geneticin selection; 2) microphotograph of the recovered CCE 129/SvPas
mouse ESC clone carrying Sox2lP allele cultured on STO feeder cell line; 3) microphotograph of the ESC injection
into blastocyst (E3.5); 4) photograph of the generated male chimera carrying Sox2lP allele (100% agouti) with
pups demonstrating 100% transmission.
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Chapter 3.
SOX2 function in required for maintenance and differentiation of neural progenitors
during development of mouse retina
Abstract
Both the expression pattern and functional analysis in chick, Xenopus and Drosophila exemplify
the importance of SOXB1 proteins in neural progenitor cells. Expression of SoxB1 genes predispose
ectodermal and ES cells to adopt a neural fate and sustain neural cells in a progenitor or stem cell
mode. Overexpression of dominant negative constructs and recently, siRNA experiments in cell
cultures, Xenopus and chick neural tube demonstrated that downregulation of SoxB1 function induces
differentiation. However, the role of the individual SOXB1 factors: SOX1, SOX2 and SOX3 is not
understood.
The mouse neural retina provides a relatively simple and accessible model for analysis of neural
progenitor differentiation with many steps described at the molecular level. Examination of SoxB1
gene expression demonstrates that only Sox2 is expressed in the NPCs of the mouse retina. Sox2
expression in retina has a similar pattern to that in other parts of the CNS with the protein being
detected in the progenitor population and glia and predominantly downregulated upon neuronal
differentiation. Furthermore, evidence for a critical role of Sox2 in eye development comes from
analysis of the phenotype of human Sox2 mutations.
Using conditional-null (Sox2cond) and hypomorphic (Sox2lP and Sox2IR) alleles of mouse Sox2 and
the neural retina as a model system, we have addressed the role of SOX2 in mammalian NPCs in vivo.
Conditional ablation of Sox2 in the mouse retina results in the complete loss of neural progenitor

competence to proliferate and differentiate. Lowering the levels of Sox2 expression below 50%
achieved in compound hypomorphic-null animals (Sox2lP/EGFP and Sox2IR/EGFP) restricts the capacity of
neural progenitor cells to differentiate and proliferate. Aberrant neuronal differentiation is evident
from disruption of retinal nuclear laminas and malformed neuritic connections that results in selective
loss of projecting neurons in hypomorphic-null retinas. Our findings demonstrate furthermore that
SOX2 activity, in a concentration dependent manner, is required for the maintenance of Notch1 and
Hes5 expression in retinal progenitors. Collectively, these studies reveal an essential dosage-sensitive
regulation of neural progenitor competence by SOX2. Furthermore, the described mutants provide
mouse models for recently identified human Sox2-Anophthalmia syndrome.
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Introduction
In this project we addressed the function of Sox2 in neural progenitor cells in vivo in the context
of the developing mouse retina. Neural progenitor cells of CNS are derived from the Sox2-expressing
ectodermal cells and maintain Sox2 expression throughout their development. Downregulation of
Sox2 in NPCs is coincident with exit from the cell cycle and differentiation. To date, the importance
of the SoxB1 proteins in maintenance of neural progenitor identity in the vertebrate nervous system
has been highlighted by misexpression and dominant interfering studies in Xenopus, and chick
embryos as well as cell lines. The following functions of SoxB1 proteins in NPCs were described.
SOXB1 activity biases ES and ectodermal cells toward and is essential for acquiring neural
lineage (Zhao, Nichols et al. 2004). In Xenopus Sox2 can initiate neural differentiation in combination
with FGF signaling (Mizuseki, Kishi et al. 1998). In NPCs SoxB1 gene expression prevents exit from
cell cycle and final differentiation, but loss or downregulation of SOX2 function in a cell restricts its
differentiation and proliferation potential resulting in exit from cell cycle (Bylund, Andersson et al.
2003; Graham, Khudyakov et al. 2003; Kondo and Raff 2004; Pevny and Placzek 2005; Van Raay,
Moore et al. 2005). The restriction of differentiation can be rescued, at least in part by delivery of the
early proneural genes (Bylund, Andersson et al. 2003). Additional evidence comes from experiments
with mouse inner cell mass and Xenopus early ectoderm cells. Deletion of Sox2 from the multipotent
embryonic inner cell mass cells restricts their differentiation potential from all embryonic tissues to
extraembryonic lineage (Avilion, Nicolis et al. 2003). At early neurula stage in Xenopus inhibition of
Sox2 expression prevents both neural and epidermal differentiation of the ectodermal cells (Kishi,
Mizuseki et al. 2000). Also it was demonstrated that activation of Sox2 expression co-insides with
formation of multipotential NPCs during in vitro transdifferentiation of oligodendrocyte precursors
(Kondo and Raff 2004).
So far regulation of SoxB1 function in NPCs has been achieved either in cell culture or using
overexpression techniques. In both cases there are a number of artificial conditions that may affect the
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outcome of these studies. In cell culture, the cells are taken out of the environmental context of the
tissue. Downregulation of gene function through dominant-negative constructs depends on the design
of the construct while overexpression creates abnormally high concentrations of the protein and both
might create conditions that are not physiologically relevant.
Also most previous experiments did not address function of individual SOXB1 factors. Despite
the potential functional redundancy of SOX1, SOX2 and SOX3 in CNS progenitors (Collignon,
Sockanathan et al. 1996; Pevny, Sockanathan et al. 1998; Weiss, Meeks et al. 2003; Rizzoti, Brunelli
et al. 2004; Tanaka, Kamachi et al. 2004) the role of each one of the proteins might not be equivalent.
Dominant interfering constructs used to downregulate SoxB1 function in neural tube most likely
affect the function of all three proteins (Bylund, Andersson et al. 2003; Graham, Khudyakov et al.
2003). Substantial overlap in the expression patterns together with the lethality of Sox2-null mutant
mice at the preimplantation stage (Avilion, Nicolis et al. 2003), have precluded evaluation of the
specific role of SOX2 in neural progenitor cells.
Functional compensation by close homologs poses significant problem for genetic analysis of
SoxB1 role in neural progenitor cells
To manipulate activity of Sox2 in neural progenitors we engineered mutations in the mouse Sox2
locus. To use these alleles for genetic analysis of SOX2 function presence of closely related proteins
in the same cells should be taken into account since functional redundancy creates a significant
complication for phenotype analysis. The proteins of SOXB1 family share about 85% homology
throughout their entire length with higher then 95% identity in the DNA binding domain (Figure 15A) and are likely to bind the same DNA motif present in an identical set of target genes.
As demonstrated in the developing CNS of chick and mouse embryos, SoxB1 genes are
expressed in largely overlapping patterns (Collignon, Sockanathan et al. 1996) (Uwanogho, Rex et al.
1995; Uchikawa, Kamachi et al. 1999). Substantial functional compensation can occur in tissues
where SoxB1 genes are co-expressed. Sox2 homozygous mutants display early embryonic lethality

93

that reflects the unique function of SOX2 in the inner cell mass. However, Sox1-/- and Sox3-/- display
rather mild defects during neural development supporting the hypothesis that the Sox1, Sox2 and Sox3
function in NPCs is redundant (Nishiguchi, Wood et al. 1998; Malas, Duthie et al. 1999; Weiss,
Meeks et al. 2003; Rizzoti, Brunelli et al. 2004). Several experimental results have confirmed binding
of SOXB1 proteins to the same DNA sequences in vitro and demonstrated that SOXB1 proteins could
function interchangeably. Microinjection of dominant-negative forms of Sox2 mRNA in Xenopus that
inhibit neural differentiation of animal caps, can be rescued by injection of Sox3 though not by
divergent Sox genes such as Sox9 and S o x D (Kishi, Mizuseki et al. 2000). The phenotypic
consequences of inhibition of SOX2 signaling in chick neural progenitors can be rescued by the coexpression of SOX1, and the forced expression of SOX1 and SOX3 in CNS cells phenocopies forced
expression of SOX2 (Bylund, Andersson et al. 2003; Graham, Khudyakov et al. 2003). In Drosophila
where two members of the SOXB1 subfamily, SoxN and Dichaete are expressed in NPCs, the defects
of the single gene mutations can be partially rescued by directed expression of such distant homologs
as mouse SOX1 and SOX2 (Soriano and Russell 1998).
However, in Drosophila, where an extensive panel of SOXB1 gene mutants has been described,
the malformations in the single gene mutants are not restricted to the areas with unique expression of
the corresponding gene suggesting that the SoxB1 genes cannot always substitute for each other and
functional redundancy might not be complete. For example, in SoxN single mutants severe defects are
observed in the neuroblasts, where SoxN and Dichaete are co-expressed. The evidence that SoxN and
Dichaete function is not equivalent comes also from different effects on Ac gene expression in select
regions of the neuroectoderm. In Dichaete mutant embryos, Ac expression is partially derepressed,
while SoxN mutants display loss of Ac expression. Nevertheless, elimination of both SoxNeuro and
Dichaete simultaneously results in much more severe phenotypes in the neuroectoderm than was
observed in each of the single mutants (Buescher, Hing et al. 2002; Overton, Meadows et al. 2002;
Zhao and Skeath 2002).
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Differentiation of neural progenitor cells within the retina
Because of the relatively simple, isolated and extensively studied structure eye retina provides a
good model for analysis of differentiation of CNS neural progenitor cells. The mature retina has a
laminar organization and is composed of specialized sensory neurons, rods and cones photoreceptors
that form the outer nuclear layer; horizontal, bipolar and amacrine interneurons, that comprise
majority of the inner nuclear layer; and projection neurons the retina ganglion cells localized to the
ganglion cell layer (Figure 1-1). Together they form an elaborate neuronal network that accomplishes
the tasks of image detection, processing and transmission in a way similar to the other parts of CNS.
The synaptic connections within retina are segregated predominantly into two layers: the thin outer
plexiform layer and elaborate inner plexiform layer, usually subdivided in two sublamina. The retinal
environment is structured and controlled by the specialized radial glia, the Muller glia cells with cell
bodies located in the central part of INL. The RGC fibers on their way to the optic nerve are aligned
into the nerve fiber layer also populated by astrocytes. The precise organization of the retina allows
identification and characterization of the particular cell types by few molecular markers in
combination with cell morphology and position within the particular layer (Haverkamp and Wassle
2000)(Figure 1-1).
Retina differentiation follows a well-characterized pattern. Early retinal NPCs are formed in the
inner part of the optic cup, initially a continuous part of the neural tube and derivative of the anterior
neural plate. The early retinal primordium is a pseudostratified neural epithelium containing
proliferating progenitor cells with extending processes contacting both the vitreal (inner) and
ventricular (outer) surfaces of the epithelium. Throughout neurogenesis retinal progenitor cells
undergo cell divisions, symmetric or asymmetric, and the daughter cells give rise to postmitotic
neurons as well as new progenitor cells. The cell bodies of postmitotic neurons are generally
translocated to their final laminar positions, which are either embedded within the neuroblast (outer)
layer of the ventricular zone (photoreceptors and horizontal cells) or concentrate within vitreal (inner)

95

embryonic ganglion cell layer (ganglion and amacrine cells). The seven major retinal cell types are
generated in a sequential yet overlapping order with retinal ganglion cells differentiating first and
Muller glia last (Figure 1-2).
Cell-lineage analyses have demonstrated that vertebrate retinal NPCs remain multipotent and at
consecutive developmental stages, at each cell division, their progenies can assume several different
cell fates. Despite their persisting multipotency and common proliferative behavior, retinal NPCs at
each time point preferentially develop in one or more cell types and have limiting potential for selfrenewal (Cepko, Austin et al. 1996). Heterochronic transplantations have demonstrated that early and
late retinal progenitor cells have distinct differentiation capacities when placed in similar
environments (Watanabe and Raff 1990; Morrow, Belliveau et al. 1998; Belliveau and Cepko 1999;
Belliveau, Young et al. 2000). In addition, molecular marker analyses have shown that proliferating
progenitor cells are heterogeneous with regard to their gene expression profiles (Alexiades and Cepko
1996; Jasoni and Reh 1996; Yang and Cepko 1996; Mu, Fu et al. 2005). The intrinsic components
that define properties of retinal progenitor cells, including transcription factors, cell surface receptors,
and intracellular signaling components, undergo progressive changes as development proceeds. It has
been suggested that observed chronological cell birth sequence might be a reflection of conserved
molecular events that underlie dynamic changes in NPCs competence (Cepko, Austin et al. 1996).
Also the dynamically changing cell-extrinsic cues are imposed upon uncommitted and differentiating
progenitor cells (Yang 2004).
Mutations in Sox2 locus are associated with eye malformations
A number of recent observations have highlighted the importance of Sox2 function in eye
formation. Developmental defects leading to unilateral or bilateral absence of the eye and/or small
eye (anophthalmia or microphthalmia) were observed in humans (Male, Davies et al. 2002) (Fantes,
Ragge et al. 2003) and mice (Chapter2) carrying mutations in Sox2 locus. Microphthalmia and
anophthalmia are developmental eye disorders and the terms are often used interchangeably, in
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particular in humans due to diagnostic difficulties (Traboulsi 1999). Anophthalmia (anophthalmos) is
a condition where one or both eyes fail to form in the presence of ocular adnexa (eyelids, conjunctiva,
and lacrimal apparatus). The diagnosis has to be confirmed by CT or MRI scanning of the orbits. In
primary anophthalmia there is a complete absence of ocular tissues, optic nerve, and extraocular
muscles due to a suspected failure in the optic vesicle development. In secondary anophthalmia or
degenerative anophthalmia the eye starts to develop and then stops due to the problems internal to eye
tissue or external (such as lack of blood supply) leaving residual eye tissue or extremely tiny eyes.
Microphthalmia (microphthalmos) is a condition diagnosed when one or both eyes start to form
during pregnancy but for some reason stop or go wrong leaving the infant with small eyes of variable
size that might be partially functional. In humans microphthalmia is diagnosed if a total axial length
of an eye globe is at least two standard deviations below the mean for age. Microphthalmia may have
a similar etiology with secondary and degenerative anophthalmia (Bardakjian and Schneider 2004).
Both primary and secondary anophthalmia as well as microphthalmia have been linked to Sox2
mutations (Male, Davies et al. 2002; Fantes, Ragge et al. 2003; Hagstrom, Pauer et al. 2005; Ragge,
Lorenz et al. 2005; Zenteno, Gascon-Guzman et al. 2005).
There are several eye conditions related and often associated with microphthalmia/anophthalmia.
In some cases the failure of the optic vesicle to invaginate during fetal development may lead to
development of cysts composed of neuroglial tissue and lacking normal ocular structures. Cystic eye
has been observed in several human patients with Sox2 mutations (Ragge, Lorenz et al. 2005).
Though it may have a similar etiology to secondary anophthalmia cyst is usually diagnosed
differentially, since postnatal expansion leads to distention of the cyst with bulging behind the
eyelids. In some cases, including those described in humans with Sox2 mutation (Ragge, Lorenz et al.
2005) microphthalmia is associated with coloboma (colobomas or colobomata). In this condition
there has been a failure of the closure of the optic fissure leaving a gap in some or all of the structures
of the eye. This condition is usually (but not always) apparent because the pupil is mis-shaped.
Retinal dysplasia is the diagnosis that refers to the histological findings associated with
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developmental loss of structural and functional cellular components of the retina and may or may not
be associated with microphthalmia (Bardakjian and Schneider 2004).
The prevalence of anophthalmia/microphthalmia has been studied in many populations over the
past two decades. True anophthalmia occurs in around 1 in 100,000 births, while microphthalmia and
coloboma occur in around 1 in 10,000 births (ICAN 2005,Busby et al 1998, Dolk et al 1998,
Morrison et al 2002, Kallen et al 1996) (Busby, Dolk et al. 1998; Dolk 1998; Morrison, FitzPatrick et
al. 2002) (Kallen, Robert et al. 1996). About 3.2-11.2% of blind children have microphthalmia
(Traboulsi). A substantial part of the described cases (around two thirds) is believed to have genetic
cause.
Following the initial case, identified in 2002, about 12 cases of anophthalmia/microphthalmia
have been linked to deletion or point mutations in Sox2 locus (Male, Davies et al. 2002; Fantes,
Ragge et al. 2003; Guichet, Triau et al. 2004; Hagstrom, Pauer et al. 2005; Ragge, Lorenz et al. 2005;
Zenteno, Gascon-Guzman et al. 2005). Initially, a chromosomal microdeletion incorporating the Sox2
locus was identified in an individual with a severe case of secondary anophthalmia. Consecutive
examination identified point mutations in Sox2 leading to protein trancations in 4 out of 35 examined
individuals with anophthalmia (11%) (Fantes, Ragge et al. 2003). Another screen identified truncating
mutations of SOX2 in 1 of the 12 (8%) individuals with bilateral clinical anophthalmia (Hagstrom,
Pauer et al. 2005). All mutations in human Sox2 are autosomal dominant. The associated anomalies
are variable and include seizures, variable brain malformations, motor activity delay, mild facial
dysmorphism, global developmental delay, growth failure, male genital tract anomalies and tracheoesophageal fistula (Ragge, Lorenz et al. 2005) (Shaw-Smith 2005).
Though in humans haploinsufficiency for Sox2 causes phenotypic abnormalities, they have not
been described in heterozygote mice carrying the null alleles of Sox2 (Avilion, Nicolis et al. 2003;
Ellis, Fagan et al. 2004). However, further reduction of Sox2 expression level in mice achieved in
hypomorphic-null animals carrying Sox2IR or S o x 2lP alleles resulted in consistent
anophthalmia/microphthalmia phenotype (Chapter 2 and data below).
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SoxB1function in eye development
Phenotypes caused by mutations in the Sox2 locus suggest a unique role for this gene during eye
development. Unlike the extensive overlap of expression in majority of the CNS structures, SOXB1
factors display unique patterns of expression in the developing eye that was demonstrated in mouse,
chicken and Xenopus (Uwanogho, Rex et al. 1995; Kamachi, Uchikawa et al. 1998; Nishiguchi,
Wood et al. 1998; Uchikawa, Kamachi et al. 1999; Kamachi, Uchikawa et al. 2001; Le, Rayner et al.
2002) (Collignon, Sockanathan et al. 1996 and data below). In particular in situ hybridization and/or
antibody staining in the early mouse embryo demonstrates no expression of SOX1 within the retina
(Nishiguchi, Wood et al. 1998) and data below). Both SOX2 and SOX3 are detected in optic vesicle,
however after optic cup formation expression of SOX3 is not detected in the neural retina progenitors
(Collignon, Sockanathan et al. 1996). Thus SOX2 is the only protein of SOXB1 subfamily expressed
in the NPCs of the inner optic cup.
Within the eye, important function for SOXB1 proteins has been documented during lens
formation. SOX1, SOX2 and SOX3 show partially overlapping expression in the developing lens.
SOX2 is present in sensory placodes, including those which gives rise to the lens. However, SOX2
expression is downregulated once the lens vesicle has formed and is replaced by SOX1 (Kamachi,
Uchikawa et al. 1998; Kamachi, Uchikawa et al. 2001; Le, Rayner et al. 2002). Since retina and eye
ball development has been demonstrated in the absence of the lens (Ashery-Padan, Marquardt et al.
2000) it is unlikely that defects in lens development are solely responsible for the eye defects
observed in cases of microphthalmia and anophthalmia.
Recently a role for SOX2 in retina development was identified in connection with Wnt signaling
(Van Raay, Moore et al. 2005). Numerous components of the Wnt/Frizzled signaling pathway are
expressed during vertebrate retinal development (Liu, Mohamed et al. 2003). In Xenopus the
transmembrane Wnt receptor Frizzled5 (Xfz5) is expressed in the presumptive neural retina starting at
late neurula stages during optic vesicle formation and is downregulated as cells differentiate
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(Sumanas and Ekker 2001). Transient inhibition of Xfz5 expression using morpholino antisence
oligonucleotide demonstrates that Xfz5 acts through canonical ß-catenin/TCF signaling to regulate
proliferation and neural potential of retinal progenitors (Van Raay, Moore et al. 2005). This function
of Frizzled is mediated through regulation of the Sox2 expression. Blocking either Xfz5 or canonical
Wnt signaling within the developing retina selectively inhibits Sox2 expression. This correlates with
reduction in cell proliferation and expression of Notch signaling components, proneural bHLH genes
and markers of differentiated neurons. Blocking Sox2 function by morpholinos mimics these effects
while rescue experiments indicate that Sox2 acts downstream of Xfz5 and overexpresion of Sox2
restores NPCs development. When either Xfz5 or Sox2 was blocked within individual retinal
progenitors, they were biased toward adopting the amacrine and Muller glial fates (Van Raay, Moore
et al. 2005).
To summarize, retinal NPCs share the common origin with the rest of the CNS and it appears that
similar molecular mechanisms mediate their differentiation (Chow and Lang 2001; Hatakeyama and
Kageyama 2004),(Chapter1). The minimal possibility of functional compensation by close homologs
SOX1 and SOX3, in the neural retina coupled with available data on molecular mechanisms and
molecular markers for retinal CNS progenitor differentiation provides a good in vivo model system to
evaluate the function of SOX2 in neural progenitor populations. Detailed assessment of SOX2 role
during retina development will be beneficial for the understanding of developmental defects in Sox2Anophthalmia syndrome. To address these questions we first identified the cell types expressing Sox2
within developing and adult mouse neural retina and then analyzed the fate of retinal progenitors after
ablation of Sox2 and under reduced level of SOX2.
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Materials and methods
Mice handling and genotyping
Mouse experiments were conducted according to guidelines approved by the UNC Institutional
Animal Care and Use Committee.
Sox2cond, Sox2∆cond, Sox2LP, Sox2I R and Sox2IRdN mouse lines were generated in the lab as
described (Chapter 2) and consecutive progeny were genotyped by appropriate PCR combination:
Sox2LP2 and Sox2WT for Sox2cond, Sox2LP and Sox2IR; Sox∆cond and Sox2WT for Sox2∆cond; and
dsRed and Sox2WT for Sox2IRdN.
Sox2+/EGFP mice generated previously in the lab (Ellis, Fagan et al. 2004) and were genotyped by
EGFP fluorescence in neural tube as well as by HRS2 or GFP PCR protocol. Sox2+/EGFPdN mice
generated by Cre-mediated exision of loxP flanked Neo cassette from Sox2EGFP allele were genotyped
by EGFP fluorescence in neural tube as well as GFP PCR protocol.
ACTB-Cre mouse line (FVB/N-Tg(ACTB-Cre)2Mrt/J Jacksons Lab(Lewandoski, Meyers et al.
1997)) maintained on mixed background was obtained from Dr William Snider lab and genotyped
using the CRE PCR protocol.
Pax6-aP0-Cre mouse line was a gift from Dr P.Gruss (Marquardt, Ashery-Padan et al. 2001) and
was genotyped using the CRE PCR protocol.
Genomic DNA for genotyping was obtained at P10-P14 from tail biopsy using sodium hydroxide
fast purification protocol (1998).
For perfusion mice were anesthetized with 2.5% avertin solution injected at 15ul per gram of
body weight.
For timed matting, the identification of a copulatory plug was considered to be E0.5, and
embryonic age was confirmed by morphological inspection. Pregnant mice were sacrificed by
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cervical dislocation. Yolk sac DNA was used to genotype embryos before E13.5 and tail biopsy was
used for older embryos and pups.
PCR protocols
PCR reactions were conducted on PTC-200 Peltier thermal cycler (MJ Research) using PCR
reagents from Invitrogen. The following PCR protocols and primers were used.
Sox2lP2 PCR (Figure 2-2C) was designed to amplify the 3’ loxP site, identical in Sox2lP, Sox2IR
and

S o x 2cond

alleles

(5’-CAGCAGCCTCTGTTCCACATACAC-3’

and

5’-

CAACGCATTTCAGTTCCCCG-3’ primers; 35 cycles at 94°C for 15s, at 56°C for 30s, at 72°C for
40s; generated 297 bp product).
Sox2WT was designed to distinguish the wild-type Sox2 allele by amplifying the 3’ region
where the insertions were introduced. This region is also deleted in previously generated Sox2-null
alleles. (5’-GCTCTGTTATTGGAATCAGGCTGC-3’ and 5’-CTGCTCAGGGAAGGAGGGG-3’
primers; 35 cycles at 94°C for 15s, at 55°C for 30s, at 72°C for 30s; generated 382 bp product).
Sox2∆cond PCR produces 589bp product that in wild-type or unrecombined allele can produce
the product longer then 2000bp but is not not detectable under conditions specified (5’CTTCTTTCCGTTGATGCTTTCG-3’ and 5’- ATCTTGGTGGCTGAACAGTTATCC-3’ primers;
35 cycles at 94°C for 15s, at 55°C for 30s, at 72°C for 40s).
HRS2 was designed to genotype Sox2EGFP allele (5’-CGCTTCCTCGTGCTTTACG-3’ and 5’GGCTTCTCCTTTTTTTGCAGT-3’ primers; 35 cycles at 94°C for 15s, at 60°C for 30s, at 72°C for
45s, betaine; generates approximately 700bp product).
dsRED PCR design for genotyping of Sox2IRdN and Sox2IR alleles amplifies IRES and 5’dsRed2
sequences from IRESdsRed2 cassette (Clontech) (5'-GGCTCTCCTCAAGCGTATTCAAC-3' and 5'TTGTAGTCGGGGATGTCGGC-3' primers; 35 cycles at 94°C for 15s, at 58°C for 30s, at 72°C for
45s; generates 440bp product).
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GFP

PCR

designed

for

genotyping

S o x 2EGFPdN and S o x 2EGFP

alleles

(5'-

GCCACAAGTTCAGCGTGTCC-3' and 5'-GCTTCTCGTTGGGGTCTTTGC-3' primers; 35 cycles
at 94°C for 30s, at 55°C for 60s, at 72°C for 60s; generates 573bp product).
Cre PCR designed for genotyping mouse lines carrying bacteriophage P1 Cre gene amplifies
ORF

of

the

gene

(5'-

GCTAAACATGCTTCATCGTCGG-3'

and

5'-

GATCTCCGGTATTGAAACTCCAGC-3' primers; 35 cycles at 94°C for 30s, at 62°C for 120s, at
72°C for 120s; generates 750bp product).
Tissue preparation.
Mouse embryos were fixed at room temperature for 30 min - 1 hour and at 4°C overnight with
4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline pH7.2 (PBS). Adult mice were
perfuzed with PBS and 4% PFA and the eyes and brains were post-fixed for 30 min at room
temperature. Tissue was immersed sequentially in 10%, 20% and 30% sucrose in PBS and then
embedded and frozen in OCT medium (Tissue-Tek) on dry ice. Frozen tissue samples were stored at
–80oC.
For BrdU labelling of proliferating cells pregnant mice were injected intraperitoneally with BrdU
(100 mg per kilogram of body mass) and killed 2h thereafter.
Immunohistochemistry.
Horisontal 12-14um sections were cut on a cryostat (Microm HM505E). Slides were blocked in
1% goat serum (10% BSA for Brn3) in PBS/0.1% Triton-X 100 and incubated with primary
antibodies at 4oC overnight and with corresponding secondary antibodies for 20 min at room
temperature.
Working dilutions and sources of the antibodies for the following proteins were used in this
study: SOX2 (rabbit polyclonal 1:2000; #AB5603 Chemicon), SOX1 (rabbit polyclonal 1:500 Dr
L.Pevny), PCNA (mouse 1:500; #AHF0232 Biosource international), BrdU (mouse monoclonal
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1:100; #347580 Becton Dickinson), EGFP (A6455; Molecular Probes; 1:5000), ß-tubulinIII (mouse
monoclonal 1:1000; #MMS-435P Covance), neurofilament 165kD (mouse monoclonal 1:5000; #2H3
Hybridoma Bank), GFAP (rabbit polyclonal 1:500; #Z0334 DAKO), PAX6 (mouse monoclonal 1:50;
#Pax6 Hybridoma Bank), Pax6 (rabbit polyclonal 1:200; #PRB-278P Covance), Islet1 (mouse
monoclonal 1:50; #39.4D5 Hybridoma Bank), Calretinin (mouse monoclonal 1:1000; #AB5054
Chemicon), Protein kinase C (mouse monoclonal 1:500; #P5704 Sigma), Rhodopsin (mouse
monoclonal 1:50; #R127 Leinco Technologies), Cellular Retinalaldehyde Binding Protein (CRALBP)
(rabbit polyclonal 1:4000; gift of Dr JC Saari (Eisenfeld, Bunt-Milam et al. 1985)), Brn3b (goat
polyclonal 1:100; #sc-6026 Santa Cruz), Cre-recombinase (rabbit polyclonal 1:2000; #69050-3
Novagene), activated Caspase3 (rabbit polyclonal 1:50; #9661 Cell Signaling Technology), FITCanti-rabbit (Sigma), FITC-anti-mouse (Sigma), Cy3-anti-mouse (goat polyclonal 1:200; C2181
Sigma), Cy3-anti-mouse (donkey polyclonal 1:200; C2181 Sigma), Cy3-anti-rabbit (goat polyclonal
1:200; #C2306 Sigma).
In situ hybridization.
In situ hybridization was performed on cryostat horizontal sections at 20 um using DIG-labeled
antisense RNA probes and followed by enzymatic detection according to manufacture’s protocol
(Roche). The following probes for mouth genes were used Math5 (Yang, Ding et al. 2003), NeuroD
(Lee, Hollenberg et al. 1995), Netrin1 (Serafini, Colamarino et al. 1996), Gli1 (Hui, Slusarski et al.
1994), Patched1 (Platt, Michaud et al. 1997), Notch1 (Lardelli and Lendahl 1993), Delta1
(Bettenhausen, Hrabe de Angelis et al. 1995) and Hes5 (Chenn and Walsh 2002).
Images were obtained on an inverted fluorescent microscope (LEICA) equipped with a digital
camera (SPOT2) and analyzed using Spot and Photoshop software.
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Western blotting
E14 embryos were dissected from the placenta and both eyes were resected from each embryo.
Whole cell extracts were made by dounce homogenizing the whole brain, or two eyes in 200ul RIPA
(Radioimmunoprecipitation) buffer (0.15 M NaCl, 50 mM Tris-Cl, pH 7.2, 1% deoxycholic acid, 1%
Triton-X 100, 0.1% sodium dodecylsulfate) containing 1X protease inhibitor cocktail (Sigma) and
sonicated once at 60% power for 5 seconds using a Dismembranator 500 sonicator (Fisher Scientific).
All samples were frozen at –20°C until needed.
Samples were centrifuged for 1 minute at 13,000 rpm to pellet debris. The concentration of
protein in the extracts was determined by the Bradford method using Biorad Protein Assay reagent
(Biorad). The eye (5 µg) protein extracts were mixed with 2X Laemlli Buffer, 1:1, (Sigma) and
heated for 10 minutes at 100°C. The samples were separated on a 10% SDS-polyacrylamide gel and
proteins were electrophoretically transferred onto PDVF membrane (Biorad). Following transfer, the
membrane was blocked with BLOTTO (5% dried milk (w/v) in TBS-Tween 20; 0.075%) for 15
minutes at 21°C. Primary antibodies raised against SOX2 (AB5603; Chemicon), EGFP (A6455;
Molecular Probes) and ß-actin (A5316; Sigma) were added to BLOTTO at 1:1000 (SOX2), 1:5000
(EGFP), or 1:5000 (ß-actin) and incubated with the membrane at 4°C for ~16 hours (for SOX2) or for
1 hour at 21°C (EGFP and ß-actin). The membranes were then washed thrice in TBS-Tween at 21°C
for 5 minutes each. Anti-rabbit (for SOX2, EGFP) or anti-mouse (for ß-actin) IgG-horseradish
conjugated (Biorad) secondary antibody was added 1:10,000 in BLOTTO and incubated with
membrane at 21°C for 1 hour. The membrane was then washed thrice with TBS-Tween at 21°C for 5
minutes each. For detection, membranes were incubated in Enhanced Chemiluminescence Reagent
(Amersham, Arlington Heights, IL) for 5 minutes and exposed to film for varying lengths of time
ensuring exposures in the linear range for the X-OMAT-AR film (Kodak, Rochester, NY). For
quantification the film was scanned and the image densities were analyzed using NIH Image software
(http://rsb.info.nih.gov/nih-image/Default.html).
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Results
Part1. Expression pattern of Sox2 in the mouse eye
Sox2 expression during mouse eye development
The main components of the vertebrate eye: neural retina, retinal pigmented epithelium (RPE)
and optic nerve develop as a part of the anterior central nervous system (CNS). Expression of Sox2 in
the mouse retina has not been examined before in detail, with exception of a few stages. Using
Sox2+/EGFP mice, in which Enhanced Green Fluorescent Protein (EGFP) is expressed under control of
regulatory elements of Sox2 locus (Ellis, Fagan et al. 2004) in parallel with immunohistochemical
analysis using an antibody against SOX2 we characterized SOX2 expression in developing eye and
adult retina. Our data indicate that EGFP fluorescence in Sox2+/EGFP mice recapitulates endogenous
SOX2 expression as identified by SOX2 antibody both in Western blot (Figure 2-5D) and in
immunohistological preparations of embryonic and adult mouse retina (Figure 3-1). The observed
expression data is in consensus with and expands upon the in situ hybridization results reported
previously (Collignon, Sockanathan et al. 1996; Wood and Episkopou 1999; Le, Rayner et al. 2002).
During formation of the optic vesicle SOX2 is maintained throughout the neuroepithelium and
also induced in overlying ectodermal placode (Kamachi, Uchikawa et al. 1998; Wood and Episkopou
1999). The ectodermal placodes and the ventral part of the optic vesicle invaginates and the vesicle is
transformed into the optic cup that can be divided into three morphologically and functionally
different domains. The placode forms the lens where SOX2 is maintained at early optic cup stage but
is downregulated by E13 (Nishiguchi, Wood et al. 1998)(Figure 3-2A) and replaced by SOX1 (Figure
3-2D). SOX2 expression persists in the inner part of the optic cup that develops into retina and by
E10.5 is downregulated in the outer layer of the optic cup that gives rise to RPE. SOX2 is also
maintained in dividing cells of the optic stalk that develops into the optic nerve (Figure 3-2A). No
expression of SOX1 has been detected in embryonic retina (Figure 3-2D).
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Previous studies have shown that SOX2 expression marks proliferating neural progenitors and is
downregulated in the CNS ventricular zone concomitant with their differentiation (Blackshaw,
Harpavat et al. 2004; Ellis, Fagan et al. 2004; Ferri, Cavallaro et al. 2004; Rizzoti, Brunelli et al.
2004; Tanaka, Kamachi et al. 2004). We therefore addressed whether SOX2 expression is regulated
in a similar dynamic manner in retina NPCs using a panel of antigenic markers for proliferating and
differentiating cells. Proliferating cells of the NBL layer can be identified using Proliferative Cell
Nuclear Antigen (PCNA). PCNA is a ubiquitous auxiliary factor for DNA polymerases essential for
DNA replication and damage repair, also known to interact with cell cycle regulators influencing cell
cycle progression. PCNA is detected immunocytochemically in cells that continue DNA synthesis
throughout cell cycle (Paunesku, Mittal et al. 2001). SOX2 and EGFP expression in retina coincides
with PCNA, and localized to the NBL layer. (Figure 3-2B).
The PAX6 homeodomain transcription factor is thought to play a major and evolutionary
conserved role in eye development. During development of the vertebrate eye Pax6 has broad and
dynamic expression pattern. A distal-proximal gradient of Pax6 expression was described in
embryonic retina (Baumer, Marquardt et al. 2002) (de Melo, Qiu et al. 2003) also relatively higher
level of expression is detected in differentiated ganglion and amacrine cells (Belecky-Adams,
Tomarev et al. 1997). Our data demonstrate that in NBL PAX6 and SOX2 are co-localized. However,
beginning with E14, Sox2-EGFP expression is lowered in very distal cells of the retina expressing
higher levels of PAX6. Moreover, SOX2 is excluded from the cells of the GCL characterized by high
levels of Pax6 expression (Figure 3-2B).
Coincident with retinal cell differentiation, SOX2 (and EGFP) expression is downregulated in the
majority of the postmitotic cells translocating to the ganglion layer that can be identified by general
markers of differentiated neurons, such as the neuron specific cytoskeletal protein ßTubulinIII. A few
ßTubulinIII-positive cells at earlier developmental stages (E11-E12) as well as those located within
the NBL show co-expression of Sox2. This co-expression may indicate progenitor cells caught shortly
after cell cycle exit before complete downregulation of SOX2 function (Figure 3-2A-B). Within the
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NBL Sox2 is co-expressed with Brn3b, the POU-domain transcription factor essential for maturation
of post-mitotic ganglion cells (Gan, Xiang et al. 1996; Gan, Wang et al. 1999; Wang, Gan et al.
2000). No co-expression of SOX2 was detected before E16 with Islet1, the LIM-homeodomain
protein that serves as an early marker of postmitotic neurons (Pfaff, Mendelsohn et al. 1996) (data not
shown).
A distinct subpopulation of cells expressing high levels of S O X 2 detected both by
immunostaining and EGFP fluorescence are localized as tight group around the optic nerve head from
E13 and as individual cells forming a single row in the outer part of GL from E16 (Figure 3-2A-B
arrowheads). Staining for PAX2 or axon guidance molecules such as Netrin1 identify the similar cell
populations around the optic nerve head. It was suggested that these cells correspond to the early
astrocyte precursors of the optic nerve head (Wallace and Raff 1999; Chu, Hughes et al. 2001;
Dakubo, Wang et al. 2003). The cells localized at the border of NBL and GCL stained brightly with
the SOX2 antibody (after E17) and identified by high Sox2EGFP fluorescence appear at the time and
location typical for amacrine interneurons. (Figure 3-2B arrows). Interestingly, they appeared PCNA
negative and expressed at least one of the markers specific for the postmitotic neurons, Islet1. Since
co-expression of SOX2 and Islet1 is observed in adult amacrine cells (see data below) it is possible
that these are the same cells.
No SOX2 expression was observed in neural fiber layer visualized by staining for Neurofilament
S165 during embryonic development. However, beginning at E13 the RGC axons visualized by
Neurofilament appeared to path through the cells expressing high levels of Sox2 at the optic nerve
head. In the optic nerve SOX2 expression is maintained in dividing PCNA positive cells throughout
embryonic development and in adult (Figure 3-1 and data not shown).
In the developing embryonic retina SOX2 but not SOX1 or SOX3 (Collignon, Sockanathan et al.
1996) expression persists in the ventricular layer of progenitor cells while it is downregulated in
differentiating neurons. SOX2 detected in few post-mitotic neurons within the NBL may identify a
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transient population of early postmitotic cells. High level of SOX2 expression can marks cells
surrounding the optic nerve head and a subtype of amacrine cells in developing retina.
Sox2 expression in the mature retina
As retinal progenitors exit the cell cycle they differentiate into seven types of cells including six
types of neurons and one type of glial cell. In the mature retina their cell bodies form three distinct
layers: rod and cone photoreceptors localized to outer nuclear layer (ONL); horizontal, bipolar, and
amacrine interneurons and Muller glia create the inner nuclear layer (INL) and ganglion and
displaced amacrine cells lye in the ganglion cell layer (GCL) (Young 1985; Cepko, Austin et al.
1996; Marquardt and Gruss 2002) (Figure 3-3B). SOX2 is maintained in a subset of cells in the inner
nuclear (INL) and ganglion cell layers (GCL) of mature retina (Figure 3-1 and 3-3A).
The majority of the SOX2-positive cells with cell bodies located in the INL are identified as
Muller glia based on their morphology highlighted by EGFP fluorescence and expression of Cellular
Retinalaldehyde Binding Protein (CRALBP) (Eisenfeld, Bunt-Milam et al. 1985) and Glial Fibrillary
Acidic Protein (GFAP) in distal retina (Kim, Kim et al. 1998) (Figure 3-3C). CRALBP is a
cytoplasmic retinoid-binding protein encoded by Rlbp1 gene and expressed in all Muller glia and
RPE, also reported in ciliary body, cornea, pineal gland, optic nerve, brain, and transiently in iris. It is
an important component in the sequences of reactions responsible for the regeneration of 11-cisretinal after photoisomerization (Saari and Crabb 2005). The cytoskeletal protein GFAP is often used
as universal marker for the astroglial cells. Within the retina GFAP is expressed by both astrocytes
located in nerve fiber layer and part of Muller glia cells located in the distal/periferal retina.
A small subset of SOX2 expressing cells was located in close proximity to the inner plexiform
layer both in INL and GCL and was not stained by Muller glia markers (Figure 3-3C arrowheads).
These cells were co-stained by Calretinin, Calbindin and Islet1 (Figure 3-3B,C arrows). In mouse the
calcium-binding proteins Calretinin and Calbindin are expressed in different types of amacrine cells
including cholinergic as well as GABAergic amacrine cells both in INL and in GCL (displaced
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amacrines) but not glycinergic type II amacrines, which is different from primates (Nag and Wadhwa
1999; Haverkamp and Wassle 2000; Dyer and Cepko 2001; Li, Mo et al. 2004). Calbindin also labels
horizontal and ganglion cells (Haverkamp and Wassle 2000). Islet1 distribution in mature retina has
been analyzed in rat where it was found in INL and GCL layers in cholinergic amacrine (starburst)
cells as well as in subset of RGCs (Galli-Resta, Resta et al. 1997) as well as subset of RGCs (Thor,
Andersson et al. 1999). By combined expression of Calretinin, Calbindin and Islet1 these Sox2positive cells were identified as amacrine cells, though further characterization would be required to
identify the specific subtype of amacrines.
Except for the described subpopulation of amacrine cells SOX2 expression was mutually
exclusive with markers of differentiated retinal neurons (Figure 3-3B,C). Retinal ganglion cells were
identified in GCL by antibody staining for Brn3b, Neurofilament S165 and Pax6 that were exclusive
with SOX2. In the INL majority of the Calretinin and Calbindin positive amacrine cells, all PAX6
positive amacrine cell (de Melo, Qiu et al. 2003) as well as all horizontal cells identified by Calbindin
and Neurofilament S165 (Haverkamp and Wassle 2000) and PAX6 (de Melo, Qiu et al. 2003) staining
and rod bipolar cells identified by and Protein Kinase C alpha (PKC) staining (Haverkamp and
Wassle 2000) did not express Sox2. Also, no SOX2 was detected by antibody staining in
photoreceptor cell bodies localized in ONL after P8 (Figure 3-3A) and no co-localization was
detected with Rhodopsin, the G-protein coupled photoreceptor expressed by rods (data not shown).
Sox2-EGFP fluorescence observed in the ONL is consistent with its presence in the cytoplasm of the
Muller glia cells.
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Discussion
Sox2 is expressed in retinal NPCs, Muller glia and subpopulation of amacrine neurons
The importance of SOX2 in neural progenitor cells was initially suggested based on its expression
pattern during embryonic development. Our data demonstrates that in retina, similar to other parts of
CNS SOX2 expression is maintained in the dividing progenitor population of the NBL that displays
similar properties to the ventricular layer of the neural tube. From E10 to adult SOX2 expression in
the retina is preserved in all of the dividing progenitor cells identified by PCNA in NBL including
both early and late progenitors (Figure 3-2E). Though we did not address co-expression of SOX2 with
molecular markers specific to particular progenitor lineage at a single-cell level, the spatial overlap
and wide spread expression of Sox2 in NBL allows to suggest such co-expression with different
progenitor markers identified in dividing cells of NBL.
Differentiated neurons that are concentrated in embryonic GCL extinguish SOX2 expression.
Downregulation of SOX2 is also apparent after E15 in the very distal areas of the retina that later form
the ciliary margins (Figure 3-1, arrow). This pattern of SOX2 downregulation is reverse to the
upregulation of PAX6, though at earlier stages both genes are co-expressed throughout the inner part
of optic cup. Also high level of Sox2 expression is observed in the tight group of the PAX6-negative
cells localized around the optic nerve head.
Co-expression of SOX2 and ß-TubulinIII and/or Brn3b in the few cells within the NBL in
particular at early developmental stages suggests that it is maintained at least transiently in neurons
exiting cell cycle. Apparent ubiquitous expression of SOX2 in the NBL that should incorporate earlygenerated photoreceptors and horizontal interneurons is consistent with this. However, more detailed
confocal microscopy studies would be necessary to identify exact temporal pattern of Sox2
downregulation during cell cycle exit. Also the temporal downregulation of the Sox2-EGFP reporter
at single cell level might not exactly recapitulate that of SOX2. Stability of both mRNA and protein
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encoded by Egfp and Sox2 genes can be considerably different and vary depending on a cell type.
Few and only polyclonal antibodies are currently available for SOX2, which complicates the doublelabeling experiments.
In the adult retina both EGFP fluorescence derived from the Sox2-EGFP reporter and antibody
staining identifies SOX2 in Muller glia and amacrine cells (Figure 3-3C). Muller glia, in mouse as in
other vertebrates are the last cell type to differentiate and maintain expression of a number of genes
typical for the progenitor population (Blackshaw, Harpavat et al. 2004) as well as radial glia
morphology. In chick Muller glia were shown to maintain proliferation capacity that is activated
during pathological conditions (Fischer and Reh 2003). However, no functional neuroprogenitor
properties were described for Muller glia in mammals and these cells are highly elaborate both in
their functional specialization and morphology. On the contrary, the stem cells within mammalian
retina were described in the iris and ciliary epithelium situated on the peripheral margins of the retina
and analogous to the ciliary marginal zone found in fish and amfibians. The location and
pigmentation of ciliary epithelial cells lead to the hypothesis that they represent a lineage intermediate
between primordial RPE and neural retina and that some reprogramming may be involved in their
acquisition of retinal potential in vitro. It is interesting to note that in mouse Sox2 expression in these
areas is downregulated during embryonic development. Under normal conditions proliferation is not
detected in the adult mouse retina and it was suggested that genes that maintain the neurogenic
potential of the pigmented epithelium, ciliary epithelium and possibly Muller glia are under reversible
repression (Moshiri, Close et al. 2004). It would be interesting to address whether activation of Sox2
expression can be induced in these cells under pathological conditions or artificially.
The small population of the Sox2-positive amacrine cells observed in adult retina may derive
from the Sox2-high expressing cells formed on the border of retinal GCL and NBL between E16 and
E17. These cells are formed at the appropriate time and place to become amacrine interneurons and
express Islet1 transcription factor. Previous results obtained by in situ hybridization in chick found
Sox2 expression in Neuropeptide Y (NPY) secreting amacrines localized in two rows on either side of
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the inner plexiform layer (Le, Rayner et al. 2002). The NPY positive amacrine cells are thought to
function as inhibitory interneurons (Sinclair and Nirenberg 2001; Sinclair, Jacobs et al. 2004). Cells
identified in our study by SOX2 antibody staining and EGFP fluorescence are also located in both
INL and GCL and as contain Calretinin a calcium binding protein typical for inhibitory interneurons
(Haverkamp and Wassle 2000). Thus it is possible that we identify the same Sox2 positive amacrine
cell subtype in mouse as was described in chick, though analysis for NPY expression would be
necessary to confirm it. Although detection of SOX2 in differentiated neurons is not typical this
observation is not unique for retina. In the adult brain, Sox2 is, for instance, expressed not only in
adult neural stem cells but also in subtypes of postmitotic neurons, including some pyramidal cells of
the cerebral cortex, striatum neurons and many thalamic neurons as well as glia (Ellis, Fagan et al.
2004; Ferri, Cavallaro et al. 2004; Tanaka, Kamachi et al. 2004; Brazel, Limke et al. 2005).
In summary, during retinal development predominant restriction of SOX2 to neural progenitors as
well as downregulation of SOX2 in the majority of neurons coincident with exit from the cell cycle
closely mimics SOX2 expression patterns in other regions of the developing CNS. Thus retina can be
considered an appropriate model for addressing SOX2 function in CNS.
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Part 2. SOX2 is essential for maintenance of neural progenitor cells
and initiation of differentiation program
Tissue specific deletion of Sox2 in retinal neural progenitors using αP0-CRE transgenic mouse
line
A hallmark of the NPCs is the maintenance of proliferative and multipotent differentiation
capacity. Expression of SOX2 in neural progenitor cells throughout CNS suggests that it might be
responsible for these properties. This suggestion is supported by the observation that overexpression
of a dominant interfering form of SOXB1 in chick neural tube progenitors leads to premature exit
from cell cycle and the onset of early neuronal differentiation but is insufficient for terminal
differentiation of neurons (Bylund, Andersson et al. 2003; Graham, Khudyakov et al. 2003). To
directly address the consequences of complete loss of SOX2 in specified neural progenitor cells in the
context of intact tissue, we specifically ablated SOX2 in the developing neural retina in vivo by
crossing mice carrying a conditional null allele of Sox2 (Sox2cond) with a mouse line expressing CRErecombinase in retinal NPCs.
Currently a number of mouse lines available that express CRE-recombinase under control of
regulatory elements of the genes expressed in retinal neural progenitors. For our analysis we selected
the α P0-CRE transgenic mouse line where Cre-IRES-EGFP expression is driven by regulatory
regions of mouse Pax6 gene, the P0 promoter in combination with the retina specific enhancer “α”
located in the 5th intron (gift of Dr P.Gruss (Kammandel, Chowdhury et al. 1999; Marquardt, AsheryPadan et al. 2001), Figure 3-4A,B). This mouse line was successfully used to generate specific
deletion of Pax6 gene in specified early retina progenitor cells (Marquardt, Ashery-Padan et al. 2001)
as well as Shh (Wang, Dakubo et al. 2005), Rb (Chen, Livne-bar et al. 2004) and Stat3 (Ozawa,
Nakao et al. 2004).
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To obtain a retina specific deletion of Sox2 we bred the aP0-CRE mice with both Sox2cond/+ and
Sox2EGFP/+ mouse lines and Sox2 heterozygotes carrying the aP0-CRE transgene were crossed to
Sox2+/cond and Sox2cond/cond animals. Animals with the following genotypes: α P0-CRE;Sox2cond/cond,

αP0-CRE;Sox2cond/∆cond and αP0-CRE;Sox2cond/EGFP were analyzed. The αP0-CRE;Sox2+/cond

and

αP0-CRE:Sox2+/EGFP littermates respectively were used as controls (Figure 3-5A). A substantial part
of the progeny that inherited Sox2cond allele (56 out of 103 alleles derived from αP0-CRE;Sox2+/cond
males and 9 out of 52 alleles derived from α P0-CRE;Sox2+/cond females) contained the recombined
Sox2∆cond allele that was confirmed by PCR genotyping. Appearance of Sox2∆cond allele can be
explained by random activation of the α P0-CRE transgene in the germ line or zygote resulting in
CRE-driven recombination of Sox2cond. However, control for such random recombination was
achieved by PCR for Sox2∆cond allele in tail biopsy DNA.
The α P0-CRE;Sox2cond/cond animals were viable and presented with microphthalmia of variable
degrees with no other obvious morphological or behavioral defects. The αP0-CRE;Sox2cond/∆cond and

αP0-CRE;Sox2cond/EGFP animals died within 12 hours after birth and gross examination at birth and
during embryonic stages revealed microphthalmia in both genotypes, resembling the phenotype of the
Sox2lP/EGFP animals. The expression level of Sox2 from Sox2cond allele was not assayed. However, the
modifications introduced in the 3’ region of Sox2 locus are identical in Sox2cond and Sox2lP alleles.
The neonatal lethality of hemizygotes carrying Sox2cond allele confirms that Sox2cond allele is
hypomorphic, similar to Sox2lP allele. Two pups genotyped as α P0-CRE;Sox2cond/∆cond survived for
up to 10 days, but demonstrated severe growth retardation and most likely were mosaics as to the
presence of Sox2∆cond allele (data not shown). No deficiencies were observed in littermates of other
genotypes (Figure 3-5B).
In control αP0-CRE;Sox2+/+ and α P0-CRE;Sox2+/cond littermates our data confirmed the
previously described expression pattern of Cre and Egfp αP0-CRE transgene (Figure 3-4C-J). The
EGFP fluorescence derived from α P0-CRE transgene recapitulates Cre expression and provides
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useful marker for potential Sox2∆cond/∆cond cells. Expression of αP0-CRE is initiated at about E10.5. At
this point retinal NPCs are identified in inner part of the optic cup by differential expression of
molecular markers but no postmitotic neurons are detected. In α P0-CRE mice CRE activity and
EGFP fluorescence are detected exclusively in neural retina and expression is restricted to the distal
retina regions between E10 and E15. Beginning at E16 in embryo and in adult eye α P0-CRE
expression was detected at low levels in a small subset of Pax6 expressing cells of INL and GCL
throughout the retina (Baumer, Marquardt et al. 2002) (Figure 3-4J arrowhead).
In both α P0-CRE;Sox2cond/cond and α P0-CRE;Sox2cond/EGFP genotypes immunohistological
examination confirmed loss of SOX2 expression in retina as early as E10.5, which correlates with the
previous results showing activation of CRE at E10.5 (Marquardt, Ashery-Padan et al. 2001). Within
the NBL of the E10.5 – E13.5 embryos the SOX2 antibody staining is lost from cells expressing CRE
recombinase that in αP0-CRE;Sox2cond/cond animals could be identified by EGFP co-expression from

αP0-CRE transgene. Mutually exclusive expression of the SOX2 and CRE was also demonstrated by
corresponding antibody staining of the sequential sections (Figure 3-5C).
Though in the retina of wild-type or Sox2 heterozygous mice expression of the CRE from αP0CRE is restricted to the peripheral retina at least before E16 and to the few cells in INL and GCL in
adult, expression domain of α P0-CRE transgene is increased in all mutant retinas. Throughout
development in αP0-CRE;Sox2cond/cond mice random clones of Cre-expressing SOX2-negative cells
were observed in central retina creating variable levels and mosaic patterns of both Sox2 and CREEGFP expressing cells in adult retina (Figure 3-6A). Moreover, in most of αP0-CRE;Sox2cond/∆cond
and αP0-CRE;Sox2cond/EGFP transgene expression spreads throughout the retina (Figure 3-6B).
The presented results demonstrate that Sox2-null (Sox2∆cond/∆cond or S o x 2∆cond/EGFP) neural
progenitors can be successfully generated in developing retina of S o x 2cond homozygote and
heterozygote null mice carrying αP0-CRE transgene.
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Ablation of Sox2 prevents neuronal and glial formation and results in dysplasia of the mature
mouse retina.

αP0-CRE;Sox2cond/cond animals were viable and presented with microphthalmia of variable
degrees but no other obvious morphological or behavioral defects (Figure 3-6B). Analysis of mature
retinas of α P0-CRE;Sox2cond/cond mice revealed substantial hypocellularity and mosaic composition
(Figure 3-7A). The severity of neural retina phenotype varied from mouse to mouse and correlated
with the size of the eye and observed spreading of transgene expression (Figures 3-6A, 3-7B). Gross
anatomical analysis of the ventral surface of the dissected brains displayed severe hypoplasia of the
optic nerves (Figure 3-7C), consistent with the general hypocellularity of the retina and reduced
number of retinal ganglion cells identified by Brn3b or PAX6 staining (Figure 3-9 and data not
shown).
In radial sections of the adult αP0-CRE;Sox2cond/cond retina three types of regions with distinctive
levels of structural deterioration were oserved by histological examination and staining for molecular
markers of major cell types (Figure 3-7B, 3-9): 1) regions formed by a single layer of epithelium-like
cells where no cell types specific to differentiated neural retina were detected; 2) areas with normal
cell type composition and retinal structure, however substantially thinner and hypocellular compared
to the retina in control animals; 3) regions composed of differentiated cell types but with disrupted
laminar organization of the retinal cell layers, that look like epithelial folds or rosettes on radial
sections. The single layer regions were occasionally layered along the inner or outer surfaces of the
thin retina regions or more frequently along the rosette-like structures as well as extending into the
vitreal area in a form of papilla.
Structural heterogeneity within the adult αP0-CRE;Sox2cond/cond retina can result from the
observed variability of the Cre expression in our model. Differentiated normal and rosette-like
regions contained sparse but substantial numbers of Sox2 expressing cells in INL and GCL. Cells coexpressing EGFP and CRE comprised no more then 50% of these regions and their cell bodies were
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localized in INL and GCL with their processes often traversing all the way through the retina layers.
No SOX2 expression was observed in EGFP fluorescent cells at P14 and P21. In single-layer regions
high level of the EGFP expression from the αP0-CRE transgene was detected while antibody staining
does not detect Sox2 expression (Figure 3-7B).
The epithelial-like EGFP fluorescent cells of the single-layer regions appeared negative for all
tested neuronal (ß-TubulinIII, Neurophilament S165, Rhodopsin, Calretinin, Pax6 and PKC) and glial
(CRALBP and GFAP) cell molecular markers. At P14 Cre expression was not detected in these cells
with the antibody staining (Figure 3-8 and data not shown). In contrast, cells expressing Cre/EGFP in
both thin and rosette-like areas were stained positive with antibodies against PAX6, Calretinin,
CRALBP and GFAP that together with their position and morphology suggest that transgene
expression is activated and/or preserved in amacrine and Muller cells. Substantial up-regulation of
GFAP expression was apparent throughout the thin and rosette-like patches of the retina in particular
on the border with EGFP-negative regions and might represent reaction of Muller glia to the
pathological conditions.
The data obtained from the analysis of mature αP0-CRE;Sox2cond/cond together with the pattern of
transgene expression and Sox2cond allele recombination observed at embryonic stages suggests that
deletion of Sox2 in early neural progenitors results in formation of the single-layer structures.
Secondary activation of the αP0-CRE is also observed in control retinas at around E16 and was
previously described (Baumer, Marquardt et al. 2002). It is possible then that ablation of SOX2 in
progenitors at later developmental stages occurs in thin and rosette structures and deletion of SOX2 at
these stages is permissive for differentiation into amacrine and/or Muller glia cells. If single layer
structures are derived from Sox2-null NPCs generated at early developmental stages it suggests that
Sox2 deletetion prevents their proliferation and differentiation in either neuronal or glial retinal cell
types.
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Sox2 null cells of the embryonic retina lose the capacity for neuronal differentiation
To test whether ablation of Sox2 from retinal NPCs at early developmental stages results in loss
of their differentiation capacity we analyzed retinas of α P0-CRE;Sox2cond/cond mouse embryos.
Formation of Sox2-null retinal NPCs is observed as early as E10.5 in distal parts of the optic cup,
before the beginning of retinal differentiation that starts around E11.5 with generation of retinal
ganglion cells. Analyzes of the embryonic retinas from E12.5 to birth revealed significant loss in
expression of differentiation markers within the retinas carrying Sox2-null progenitor cells.
To determine whether the Sox2 deficient neuroepithelial cells differentiate we labeled the sections
of the embryonic eyes with early markers of postmitotic neurons expressed by RGCs: the cytoskeletal
protein ß-TubulinIII and the LIM homeodomain transcription factor Islet1. The loss of ß-TubulinIII
positive cells is apparent as early as E12.5 and in severe cases by E16.5 the ß-TubulinIII positive cells
are detected only in few separated clusters throughout the retina (Figure 3-10A). Both ß-TubulinIII
and Islet1 are absent from the distal regions of aP0-CRE;Sox2COND/COND and αP0-CRE;Sox2cond/EGFP
retinas at E14.5 and show patchy mosaic expression in central retina that appears mutually exclusive
with the expression pattern for the α P0-CRE transgene visualized by EGFP fluorescence or
confirmed in the sequential sections by antibody staining (Figure 3-10B,C). The mutually exclusive
expression of neuronal differentiation markers (Islet1, ß-TubulinIII) and CRE-GFP in aP0-CRE;
Sox2∆COND/∆COND embryonic retinas together with mosaic postnatal phenotype indicates that SOX2 acts
in a cell autonomous manner.
To address the stage of differentiation blocked in Sox2-null NPCs we examined expression of
several genes involved in formation of early retinal neurons: the proneural bHLH transcription factors
(Math5 and NeuroD), Pax6, as well as genes important for Sonic hedgehog (Patched1) and Notch
(Notch1, Delta1 and Hes5) signaling cascades.
The bHLH transcription activator Math5 (Atoh7), a mouse homolog of the Drosophila proneural
gene Atonal, is expressed in the NPCs of the NBL throughout the retina at E14.5 (Brown, Kanekar et
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al. 1998). Math5 occupies a key position in hierarchical gene regulatory network that drives
specification and differentiation of RGCs as Math5-null mutation both in mouse and zebrafish results
in severe reduction in number of ganglion cells and increase of amacrine cells (Brown, Patel et al.
2001; Kay, Finger-Baier et al. 2001; Liu, Mo et al. 2001; Wang, Kim et al. 2001; Mu, Fu et al. 2005).
In α P0-CRE;Sox2cond/cond retinas expression of Math5 identified by in situ hybridization was
reminiscent of the reversed pattern of Cre expression (Figure 3-10B). This suggests that the
Sox2∆cond/∆cond NPCs do not express Math5.
The NeuroD expression in retina is initiated later then Math5 (Austin, Feldman et al. 1995) and
required for the formation of amacrine cells (Inoue, Hojo et al. 2002) photoreceptors and horizontal
cells (Akagi, Inoue et al. 2004). By E14.5 NeuroD is also expressed in NBL throughout the retina.
Recent results suggest that progenitor cell population expressing Math5 may be different from that
expressing NeuroD (Mu, Fu et al. 2005). However, similar to Math5 no NeuroD expression was
detected in putative Sox2∆cond/∆cond NPCs. While the in situ probe detected gene expression throughout
the outer layer of control retina, in S o x 2 mutants expression was detected only in randomly
distributed patches of cells in central retina (Figure 3-10B).
Sonic hedgehog signaling plays important role in several aspects of neural development
throughout the CNS. In retina Shh regulates NPCs proliferation, as well as the timing of
differentiation during embryonic development (Dakubo and Wallace 2004). Moreover, Shh was
demonstrated to promote normal lamination in murine retina explants (Jensen and Wallace 1997;
Wang, Dakubo et al. 2002). During eye development Shh signaling is derived first from axial
mesoderm and later within differentiating retina from RGCs. Secreted Shh binds to its membrane
receptor, Patched, thereby relieving inhibition of its downstream signaling cascade. Patched1
expression is also activated by Shh and indicates the activity of this signaling pathway. Our results of
the in situ hybridization with Patched1 probe in E14.5 embryonic eye suggest downregulation of Shh
signaling within the distal αP0-CRE;Sox2COND/COND retina (Figure 3-10B).
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Thus, analysis of the embryonic retina confirms that SOX2 deficient NPCs do not express
molecular markers of differentiating retinal progenitor cells or postmitotic neurons.
Sox2 is required for preservation and proliferation of retinal NPCs
Notch signaling pathway is implicated in lateral inhibition of NPCs differentiation and
maintenance of the neural progenitor population in CNS including retina (Austin, Feldman et al.
1995) (Dorsky, Rapaport et al. 1995). Expression of Notch1 and Delta1 initiates in the developed
optic vesicle though remains very low till the beginning of retinal differentiation when they are
expressed in largely overlapping patterns in the neural retina (Lindsell, Boulter et al. 1996; Bao and
Cepko 1997). When Notch activity was diminished in vivo in chick retina the number of ganglion
cells produced was inversely related to the level of Notch activity (Ahmad, Zaqouras et al. 1995;
Austin, Feldman et al. 1995). In contrast, blocking the Notch pathway by overexpression of a
dominant negative form of Delta pushes cells to differentiate prematurely as neurons of diverse types,
not only ganglion cells (Henrique, Hirsinger et al. 1997). Using in situ hybridization with probes
against the Notch1 receptor as well as its ligand Delta1 and downstream target Hes5 we did not detect
expression of any of these Notch pathway components in putative Sox2-null retinal cells of E14
embryos (Figure 3-11). While in control retinas the in situ hybridization signal is detected throughout
the NBL layer, in retinas of αP0-CRE;Sox2cond/cond embryos it was present only in a few cell patches
of the central retina, where the minimal number of the αP0-CRE expressing clones was observed.
Ablation of Notch pathway gene expression indicates substantial alterations in molecular
properties of retinal NPCs upon downregulation of SOX2. To test whether the Sox2∆cond/∆cond cells
maintain any characteristics of retina progenitor cells we analyzed expression of the master-regulator
gene of eye development Pax6. Up to at least E14.5 PAX6 was detected by antibody staining in all
retinal cells of both control and αP0-CRE;Sox2cond/cond embryos (Figure 3-10B). However, in the
mature αP0-CRE;Sox2cond/cond retinas the cells of single layer regions didn’t react with the antibody
against PAX6 though maintained the high level of the EGFP (Figure 3-8).
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A hallmark of SOX2-expressing neural progenitor cells is the maintenance of cell division. In
case of the genetic ablation of Sox2 in retinal progenitors the overt effect is a hypocellular phenotype,
observed as early as E12.5 (Figures 3-12A). By this time the retinas of αP0-CRE:Sox2cond/EGFP and

αP0-CRE;Sox2cond/cond embryos are significantly smaller in size compared with retinas of the
littermates, while no alterations were noted in total size between the embryos of different genotypes.
By E16.5 there was a severe deterioration of αP0-CRE:Sox2cond/EGFP retinal structure. The mutant
retinas repeatedly contained only about three cell bodies per width and differentiated cells did not
form a ganglion cell layer but were located in patches between progenitors (Figures 3-12A).
The observed cell loss in the retina can result from decrease in proliferation, increase of cell
death or both. To address these possibilities we determined the effect of Sox2 deletion on retinal
progenitor proliferation. We used BrdU nucleotide incorporation to identify the nuclei that had
undergone the S-phase of cell cycle. By E13.5 in αP0-CRE;Sox2cond/cond embryos we noted a marked
reduction of BrdU labeled cells in the distal retina compared to the central retina (Figure 3-12C). By
contrast, BrdU labeling in control embryos (αP0-CRE;Sox2+/cond) was equally distributed throughout
the distal-central retina. The reduction of the number of cells in S-phase can be explained by either
exit of the majority of the Sox2 null cells from the cell cycle or by lowering the rate of cell cycle. To
address the proliferative state of the distal retina cells we used expression of PCNA, the molecule
expressed in dividing cells and essential for DNA replication. No alterations in PCNA staining were
detected at E12.5 in αP0-CRE:Sox2cond/EGFP embryos, but by E16 PCNA-negative patches occupying
the whole width of the retina were observed (Figures 3-12B), suggesting that though the proliferation
capacity may not be totally lost at early stages after Sox2 deletion it disappears by E16. In either case
these data demonstrate that SOX2 is required for appropriate retinal neural progenitor proliferation.
Taken together with the results of SOXB1 functional studies in developing neural tube, the
presented data demonstrate that SOX2 function is essential for maintenance of the dividing neural
progenitor pool in the developing CNS.
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Discussion
Sox2 is essential for both proliferation and differentiation of retinal neural progenitor cells
The conditional ablation of Sox2 selectively in retinal progenitors allows to bypass early lethality
of the null allele as well as likely requirement for SOX2 in the neural plate, and to address its role in
specified neural progenitor cells. Our results demonstrate that SOX2 is required for the maintenance
of neural retinal progenitor identity, such that after Cre-mediated ablation of SOX2 activity early
during retina development, NPCs lose their ability to both divide and differentiate. Sox2-null cells in
the embryonic retina do not incorporate BrdU, the retina becomes hypocellular and eventually
expression of the proliferation markers PCNA is lost. Expression of Notch (Notch1, Delta1 and Hes5)
and Shh (Patched1) signaling cascade genes is not activated in Sox2-null cells. However,
immunoreactivity for PAX6, protein involved in specification of retina progenitors from anterior
neural plate remains throughout the retina. Furthermore, neurogenesis, including the upregulation of
bHLH factors (Math5, NeuroD) and the appearance of differentiated (ß-TubulinIII and Islet1 positive)
neurons, was not observed in areas of the retina that lost expression of Sox2.
The result of genetic ablation of Sox2 in mouse retinal neural progenitor cells is similar to those
observed in progenitors of embryonic and adult CNS after transient inhibition of SOX2 function with
morpholino and dominant interfering constructs. In the Xenopus blocking Sox2 function by
morpholino injection in one dorsal animal blastomere at the 8-cell stage correlated with reduction in
cell proliferation and expression of the Notch signaling components (Xdelta-1), proneural bHLH
genes (Xash3) and markers of differentiated neurons (HP3 antigen). Expression of Pax6, as well as
other genes involved in patterning of anterior neural plate and specification of the eye fields (Rx, En,
Chx10, Six6 and Six3) appeared unaltered by the Sox2 morpholino, although the domain of their
expression was reduced (Van Raay, Moore et al. 2005). Considering that loss of Sox2 function before
retina specification is likely to be compensated by other SoxB1 genes blocking Sox2 expression has
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strikingly similar effects during retina development to the one we observed in αP0-CRE;Sox2cond/cond
mice.
Downregulation of SOXB1 function in NPCs of chick neural tube by overexpression of a
dominant interfering form of SOX2 or SOX3 also coincides with premature exit from cell cycle,
evident by the absence of BrdU incorporation. However, in this case cells are translocated into the
mantle zone and partial differentiation elicited by expression of Lim2, MNR2 and NeuN neuronal
markers but not Islet1 or ß-TubulinIII takes place. (Bylund, Andersson et al. 2003; Graham,
Khudyakov et al. 2003). Though we did not examine Lim2, MNR2 and NeuN since they are not
detected in the embryonic retina, the absence of proneural genes involved in differentiation of RGCs
in areas with Sox2-null cells suggests that partial differentiation doesn’t take place. This may indicate
a partial effect of the dominant interfering construct on function of the SoxB1 genes, as a
consequence of construct design (fusion of N-terminal part of SOX2 or SOX3 including the HMGbox domain with repressor domain of Engrailed protein). Fusion of the HMG-box domain of SoxB1
proteins with transcription repressor domain mimics the structure of SoxB2 proteins. Thus it is
possible that observed partial differentiation results from the imitation of SOX14 (Graham,
Khudyakov et al. 2003) or SOX21 function, that was shown, for example to induce ectopic
expression of NeuN, but not ß-TubulinIII (Sandberg, Kallstrom et al. 2005). Also transient expression
from electroporated plasmid may have delivered the dominant interfering protein in amounts
insufficient for complete downregulation of SOXB1 function. Another explanation may lie in
heterogeneity of the progenitor population affected by overexpression.
Premature exit from cell cycle and neuronal differentiation was also observed after inhibition of
SOX2 signaling in oligodendrocyte precursors (Kondo and Raff 2004). Finally, it has recently been
demonstrated that SOX2 expression is maintained in neurogenic regions of the adult rodent nervous
system and that regulatory mutations of mouse Sox2 impairs adult neurogenesis (Ferri, Cavallaro et
al. 2004). The conserved requirement for SOX2 in the progenitors of the CNS ventricular zone and
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retina suggests that a common SOX2-regulated mechanism regulates the maintenance of progenitor
cell identity in distinct regions of the CNS.
Up-regulaton of the αP0-CRE transgene expression in Sox2 mutant NPCs
The transgene expression resulting in deletion of Sox2 was detected in isolated radial clones
within the central retina of α P0-CRE;Sox2cond/cond as early as E12.5. Spreading of transgene
expression was even more robust in α P0-CRE;Sox2cond/∆cond mice. This variability of the αP0-CRE
expression pattern has not been described before. Thus our results suggest that manipulation of Sox2
expression affects activation of the α P0-CRE transgene. An increased domain of transgene
expression in mutant retina compared to the control littermates suggests, that downregulation and/or
deletion of Sox2 intensifies expression of the α P0-CRE transgene within the cell and/or in
neighboring cells (Figure 3-6A).
Within the cell, one of the possible explanations is direct negative regulatory effect of SOX2 on
Pax6 enhancer “α ” or/and P0 promoter (Figure 3-6C). The α -enhancer of mouse Pax6 gene is
located in intron between exons 4 and 5 (Plaza, Dozier et al. 1995; Kammandel, Chowdhury et al.
1999; Marquardt, Ashery-Padan et al. 2001), Figure 3-4A) and contains binding sites for several
transcription factors, including an autostimulatory PAX6 site and inhibitory sites binding PAX2 and
VAX1/VAX2. Sequence analysis of minimal enhancer “α ” (the 530bp BglII-XbaI fragment,
(Kammandel, Chowdhury et al. 1999)) also predicts three putative SOX binding sites (TTTGTc/a)
(Figure 3-6D). The P0 promoter fragment (BamHI-BglII, including transcription start site of exon 0)
contains 1 putative SOX binding site (Figure 3-6E). Previous results suggested SOX2 function
synergistically with PAX6 on the autoregulatory enhancer of the gene (Aota, Nakajima et al. 2003).
However, the complex regulatory structure was described for mouse Pax6 locus (Kammandel,
Chowdhury et al. 1999) and recently negative regulation of Pax6 by SOX2 was also suggested by
ChIP on CHIP analysis of human cis-regulatory regions (Boyer, Lee et al. 2005).
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Efficiency of SOX2 deletion from NPCs using Sox2cond allele and αP0-CRE transgenic mouse
line
Interbreeding of the mouse lines carrying αP0-CRE transgene and Sox2cond allele and/or Sox2null allele created a functional Cre-lox system that allows selective deletion of SOX2 from specified
retinal NPCs. In αP0-CRE;Sox2cond/cond animals, SOX2 and EGFP derived from αP0-CRE transgene
are expressed in mutually exclusive pattern. This result suggests that design of the Sox2cond allele
supports efficient recombination reaction.
As it has been previously demonstrated (Baumer, Marquardt et al. 2002) and observed in control
littermates, it is likely that expression in of α P0-CRE transgene in Sox2 mutants follows two
consecutive patterns within the retina. Initial activation of transgene expression occurs around E10.5.
At early stages after transgene activation Sox2-null NPCs are consistently produced in the peripheral
retina before the initiation of differentiation program. Moreover, in both S o x 2cond/cond and
hypomorphic-null mice the central retina contains a mosaic of αP0-CRE positive and negative clones
as early as E12.5, which can be explained by negative regulation of transgene expression by SOX2. In
previous studies NPCs of the central retina were used as an internal control at early embryonic stages
(Marquardt, Ashery-Padan et al. 2001), but as differentiation of retina takes place from the center to
the periphery with substantial delay, such control has its limitations. In our model Sox2-null cells are
intermixed with wild-type cells allowing us to compare expression of the differentiation markers in
cells with two genotypes located side by side within one retina, similar to chimera experiments. No
SOX2 expression was observed in EGFP fluorescent cells, suggesting that there were no cases of
monoallelic recombination.
Secondary initiation of α P0-CRE expression within the retina takes place around E16 on the
border of embryonic ganglion and neuroblast cell layers. Thus in αP0-CRE;Sox2cond/cond animals it is
possible that in some patches of central retina, which were preserved during early developmental
stages, Sox2 deletion happens in late retinal progenitors and/or differentiated neurons. This is not
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likely in α P0-CRE;Sox2cond/∆cond and αP0-CRE;Sox2cond/EGFP embryos, where transgene expression
spreads throughout the retina as early as E14. Deletion of Sox2 at later developmental stages can
generate an outcome different from Sox2 deletion in early progenitor cells and two different outcomes
can contribute to structural heterogeneity within the adult αP0-CRE;Sox2cond/cond.
Indeed, in the analyzed postnatal retinas α P0-CRE transgene marks two types of cells:
epithelium-like single layer patches and cells integrated into the retina structure and labeled with
some markers of amacrine and glial cells (Figure 3-8). It is possible that single-layer epithelium
patches are derived from Sox2-null NPCs generated before beginning of neuronal differentiation and
Sox2 deletion at that stage completely ablated neural differentiation process. Analysis of neural
progenitor marker expression as well as markers of neuronal differentiation in embryonic α P0CRE;Sox2cond/cond retina supports this hypothesis. Consistent with them being derivatives of Sox2-null
cells, the single-layer regions show high level of the EGFP fluorescence from the αP0-CRE transgene
while the antibody staining does not detect SOX2. However, at P14 Cre expression was not detected
in these cells with antibody staining (Figure 3-8) and absence of SOX2 though in agreement with
complete gene ablation in Sox2∆cond allele can be a result of transcriptional downregulation. On the
other hand expression of Cre could have been downregulated by this developmental stage and CRE
enzyme metabolized while EGFP protein was preserved. Further analysis using the CRE-reporter
alleles or PCR would be helpful to confirm our hypothesis through the genetic identity of these cells.
The second type of α P0-CRE expressing cells within the adult retina is located predominantly
within the INL, and some in GCL and demonstrate morphological and immunochemical
characteristics of the amacrine and Muller glia cell types. Most of them not only express EGFP but
also CRE and not SOX2. Expression of the transgene in Muller glia hasn’t been described before.
When α P0-CRE is activated in glial progenitors and whether it is an aberrant effect of Sox2
downregulation remains to be elucidated. The question remains whether any of Sox2-null cells
generated at later stages downregulate transgene and expression and differentiate into any of the
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retinal cell types. Analysis of the differentiation markers expression around P0 as well as using the
Cre reporter alleles, such as in ROSA26R (Soriano 1999) and Z/AP (Lobe, Koop et al. 1999) reporter
mouse lines can answer this question.

αP0-CRE;Sox2cond/cond mice provided a valuable model system for analysis of Sox2 function in
retinal neural progenitors. This model provided in vivo demonstration that deletion of Sox2 from
NPCs prevents their proliferation and initiation of neuronal differentiation, suggesting that SOX2 is
essential for both processes. Variability of the transgene expression within the retina complicates
interpretation of results yet in the long run it allows address consequences of SOX2 deletion at
different developmental stages.
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Part3. Reduced expression of Sox2 leads to aberrant differentiation of retinal
NPCs.
In Sox2lP/EGFP and Sox2IR/EGFP compound heterozygotes reduced expression of Sox2 leads to
microphthalmia or anophthalmia with dysplasia of neural retina and optic nerve.
In our preliminary analysis of the mouse lines carrying hypomorphic Sox2IR or Sox2lP alleles we
noticed severe eye defects ranging from the mild microphthalmia to anophthalmia. Figure 3-13A,B
illustrates the range of phenotypes observed. Only some Sox2IR/EGFP survive postnatally, while all
Sox2lP/EGFP pups died at birth. In Sox2IR/EGFP animals that survived to two month of age, eyes appear
just slightly smaller then in wild-type littermates. The majority of Sox2IR/EGFP animals do not open
their eyes and only tiny remnants of eye tissue can be dissected from the orbits (Figure 3-13A). Both
Sox2IR/EGFP and Sox2lP/EGFP animals were also analyzed during embryonic development and at birth. In
both genotypes eyes appeared substantially smaller on horizontal sections at E15 and later. The most
severe ocular phenotype was observed in some of the Sox2lP/EGFP embryos. In these embryos by E15
the size of the eyes was comparable to the size of the optic cup at E11 - E12 in wild-type with
underdeveloped lens (Figure 3-13A).
Morphological analyses of the ocular structure in the adult Sox2 hypomorphic null
heterozygotes revealed two main abnormalities: hypocellularity of the retina and absence or severe
hypoplasia of the optic nerves. Both defects were observed in all Sox2IR/EGFP mice analyzed and were
particularly obvious in animals with substantial microphthalmia that died at birth or before 1 month of
age. In adult Sox2IR/EGFP animals that survived to 1-2 months of age and had eyes of almost normal
size the overall thickness of the retina was about 50% less then in wild-type. Nuclear staining with
Hoescht demonstrates general decrease of cell number in all layers, in particular the INL and GCL as
well as thinning of the inner plexiform synaptic layer (Figure 3-13C). Optic nerves contain all the
projecting axons from the retina surrounded by glial cells derived from neural progenitors of the
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ventral optic stalk. These nerves are easily identified anatomically on the ventral surface of the brain
where they start from the eye optic disc and cross the midline at the optic chiasm near the ventral
hypothalamus behind the nasal turbinates and enter thalamus as optic tracts. Careful dissection of the
adult mouse brain demonstrated the absence or severe hypotrophy of the optic nerve with no
identifiable optic chiasm even in most mildly affected Sox2IR/EGFP mice (Figure 3-13D).
As discussed above (Chapter 2, Figure 2-7C,D) Sox2IR/EGFP and Sox2lP/EGFP animals have lower
levels of SOX2 protein and mRNA in the central nervous system. However, both hypomorphic alleles
carry regulatory mutations that might have different effects on regulation of Sox2 expression within
the eye. To assay Sox2 expression level specifically in the developing retina we conducted Western
blot analysis of whole eye extracts isolated from E14 mouse embryos. At E14 Sox2 expression is
observed only in retinal NBL layer both in mutant and wild-type eyes. EGFP expression from
Sox2EGFP allele was assayed as a control for the proportion of Sox2-expressing cells in a sample,
because of substantial cell loss observed in retinal tissue of the mutants. However, in both Sox2IR/EGFP
and Sox2lP/EGFP eyes we noticed not reduction but rather upregulation of EGFP expression compared
to Sox2+/EGFP, as normalized to ß-Actin. Results of the Western blot show that reduction of the SOX2
level in both Sox2IR/EGFP and Sox2lP/EGFP mutant eyes (Figure 3-13E) is consistent with that observed in
E14 brain tissue. Considering that most severe phenotypes are observed in mice with Sox2lP allele and
relatively mild with Sox2IR we conclude that severity of microphthalmia correlated roughly with
levels of SOX2 activity.
Selective loss of retinal ganglion cells and disruption of laminar structure are characteristic
features of dysplasia in adult retina of Sox2IR/EGFP mice
Immunohistochemical analysis of the adult retinas with cell-type specific molecular markers
failed to identify retinal ganglion cells (RGCs) in Sox2IR/EGFP mice (Figure 3-14). Neurofilament,
Islet1 and PAX6 antibodies demonstrated loss of at least 90% of cells in the GC layer of Sox2IR/EGFP
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retinas. Missing Brn3b staining as well as the virtual absence of the nerve fiber layer and optic nerve
confirmed complete loss of RGCs.
Despite substantial loss in cell numbers, the other five of major types of neurons and Muller glia
could be identified at their appropriate positions in each layer. Staining with the antibodies against
Calretinin and Islet1 that identify amacrine cells, PKC for bipolar cells and cones, Neurofilament for
horizontal cells, Rhodopsin for rod photoreceptors appeared at appropriate positions within retinal
laminas. A SOX2-expressing cell population was detected in the INL of both wild-type and mutant
mice, but not in the GCL of the mutant mice. CRALDBP staining for Muller glia and GFAP for both
Muller glia and astrocytes indicated that each of these cell types are specified appropriately, even
under reduced amounts of SOX2. Interestingly the GFAP reactivity in cells carrying morphological
characteristics of Muller glia and co-stained with C R A L B P was detected throughout the
circumference of the retina. In wild-type mice GFAP staining throughout retinal layers is detected
predominantly in the peripheral retina (Figure 3-14). Activation of GFAP expression within central
retina is linked to pathological conditions (Dyer and Cepko 2000) and in Sox2IR/EGFP mice may
represent reaction to general retina dysplasia.
In addition, the eyes dissected from postnatal Sox2 hypomorphic-null heterozygotes contain
severe perturbations of retina laminar structure, which on radial sections appear in the form of folds
or rosettes formed by both inner and outer nuclear layers. Staining with cell type specific markers
demonstrates that in mature retinas these structures consist of differentiated cells that maintained
laminar organization inside the folds. For example, they contain rod cells (marked by Rhodopsin)
surrounded by horizontal cells (marked by Neurofilament) and amacrine cells (marked by Calretinin
and Pax6) and both inner and outer plexiform layers can be identified by Neurofilament and
Calretinin staining respectively. Cells of the ONL form the inner surface of the rosettes and as a
result outer segments of photoreceptor fill the hole inside. The inside of the folds is formed by INL
and then the folded sides are interconnected by the putative IPL (Figure 3-15).
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Immunostaining for Calretinin reveals distortions in the architecture of synaptic network within
Sox2IR/EGFP retina. The inner plexiform layer encompasses the major synaptic circuit of the retina,
organized in five synaptic strata. Usually three of these strata can be identified by Calretinin
immunoreactivity. Two of these strata contain synaptic endings of cholinergic amacrine cells and one
between them represent the level of stratification of nitric oxide synthase immunoreactive amacrine
neurons (Haverkamp and Wassle 2000). In the retina of Sox2IR/EGFP adult mice Calretinin staining
labels only one or two synaptic strata (Figure 3-14). Whether the disarray of these synaptic strata is
the result of RGC loss, contributed by differentiation defects in intrerneurons or loss of some
subtypes of amacrine cells remains to be investigated.
The general reduction in cell number in the retina and selective loss of retinal ganglion cells,
consistent with hypoplasia or absence of the optic nerve in the adult Sox2 hypomorphic-null mice
suggests disruption of retinal NPCs differentiation.
Loss of retinal ganglion cells in Sox2 hypomorphic null mice results from aberrant
differentiation and apoptosis
Loss of RGCs in Sox2IR/EGFP mutant mice indicates that reduction of SOX2 expression in NPCs
of the retina may cause a selective developmental defect in their specification, differentiation or
survival.
RGCs are the first cell type to differentiate within the retina and majority of the cells are
generated before E16. Upon exit from mitosis ganglion cells translocate to the inner side of
embryonic retina where they form the greater part of embryonic ganglion cell layer. Formation of the
RGCs during embryogenesis can be assessed by expression of the early markers of neuronal
differentiation (ß-TubulinIII and Islet1) as well as POU-domain transcription factor Brn3b (Brittis and
Silver 1994). Generation of ß-TubulinIII positive cells was observed in mutant retina either
simultaneously or slightly later then in control littermates. However, the ß-TubulinIII positive cells
were detected in smaller numbers and their axons did not form a defined nerve fiber layer (Figure 3-
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16A). At E15 in both the wild-type and hypomorphic-null retinas (Sox2IR/EGFP and S o x 2lP/EGFP
genotypes) cells positive for Brn3b, Islet1 and ß-TubulinIII formed the defined cell layer in the inner
half of the developing neural retina, which is consistent with the formation of the embryonic
ganglionic cell layer and differentiation RGCs (Figure 3-16B).
The embryonic GCL formed in retinas of Sox2 hypomorphic null animals was, however,
distinctly different from wild-type. As noticed in adult retinas laminar organization of ganglion cell
and neuroblast layers of embryonic retina was distorted, so that clusters of cells positive for ßTubulinIII and Islet1 could also be detected bulging into the NBL (Figure 3-16B, arrows). In the NBL
of Sox2IR/EGFP and Sox2lP/EGFP mutant retinas, which normally consists of undifferentiated progenitor
cells these regions contained fewer progenitors as marked by PCNA.
At multiple locations axon bundles in NBL marked by ß-TubulinIII or Neurofilament S165 and
the absence of PCNA and nuclear (Hoescht) staining also created disruptions of retinal laminar
structure (Figure 3-16B,C, arrowheads). In the wild-type eyes by E15 the axons of RGCs form a welldefined fiber layer and enter the optic nerve at single location in central retina, the optic nerve head.
On contrary, the RGC axons of S o x 2IR/EGFP and Sox2lP/EGFP, as marked by ß-TubulinIII and
Neurofilament staining grow throw the neuroblast layer at many aberrant locations, with the
exception of dorsal parts of the retina and in their majority fail to enter the optic nerve and are
misrouted to subretinal spaces (Figure 3-16B). Thus although RGC appear in the embryonic retina of
Sox2 hypomorphic-null mice they demonstrate anomalous positioning and neurite morphology.
Though RGCs were generated in embryonic retina of Sox2 hypomorphic null mice they were
missing in mature retinas (one month and older). Reaching the proper synaptic target is essential for
survival of neurons. During normal retina development a considerable number of generated RGCs
undergo apoptosis, while those that succeed in establishing appropriate synaptic connections survive
(Koeberle and Bahr 2004). Considering the observed axonal misguidance phenotype, we examined
whether any increase in a number of cells undergoing apoptosis might underlie loss of RGCs in
Sox2IR/EGFP mice. The essential step of the apoptotic pathway is the activation of the Caspase3
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enzyme that leads to immediate cell death (Hengartner 2000). Using specific antibody staining
against activated (cleaved) Caspase3 we noted an increase in the number of labeled cells in
Sox2IR/EGFP and Sox2lP/EGFP retinas. On average, at E12.5 three times more cells were stained in
hypomorphic-null retinas and the ratio escalated up to 5 times of the wild-type at E15.5 (Figure 3-17).
Though the majority of apoptotic cells were detected within the GCL few cells were also detected
within the NBL.
Besides loss of RGCs the whole retina of Sox2 hypomorphic null mouse shows significant
hypocellularity. This reduction in cell number compared to retinas of control littermates can result
from the observed increase in apoptosis. However, it can also result from a smaller initial number of
progenitor cells within the optic cup, reduced number of cells generated from single progenitor, as
well as changes in the length of cell cycle cell. In CRE;Sox2cond/cond mice (Figure 3-12C) complete
removal of SOX2 from NPCs results in loss of proliferation capacity as was demonstrated in E13.5
embryos. Labeling of the NPCs in the S-phase of the cell cycle by a 2 hour pulse of BrdU didn’t
reveal apparent differences in the number of mitotic cells in the Sox2IR/EGFP retinas at E12.5 (data not
shown). These and other observations of the retina size at early developmental stages (E10 – E12)
suggested that no substantial difference in NPC proliferation exists at least at the begining of
differentiation. However, quantitative assessment of proliferation by the number of cells in the Sphase usign BrdU incorporation or/and M-phase by immunostaining for phosphorylated histone H3 or
with flow cytometry would be necessary to answer if proliferation is affected by changes in SOX2
level.
The molecular mechanism of abberant NPCs differentiation in Sox2 hypomorphic-null retinas.
The hypocellularity, disruption in retinal structure and aberrant ganglion cell differentiation in
Sox2IR/EGFP and Sox2lP/EGFP retinas indicates a change in progenitor properties due to a decrease in the
level of SOX2. To address the molecular basis for these defects, we examined the expression of
markers that define progenitor cells and the onset of their differentiation in Sox2IR/EGFP mice.
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Competence of the retinal NPC to enter the RGC lineage is defined by specific combination of
homeodomain and bHLH transcription factors (Hatakeyama, Tomita et al. 2001). In particular, PAX6
is required for expression of RGC lineage specific bHLH transcription factor Math5 (Marquardt,
Ashery-Padan et al. 2001; Mu and Klein 2004). Both proteins are essential for differentiation of
ganglion cells. NeuroD, another member of bHLH proneural genes, is implicated in promoting retinal
neuronal differentiation specifically formation of photoreceptors, horizontal and amacrine cells
(Ahmad, Acharya et al. 1998; Morrow, Furukawa et al. 1999). At E15 gross examination of Pax6
expression by immunohistology demonstrates that it appears normal during embryonic development
of Sox2IR/EGFP mice. Similarly, examination of Math5 and NeuroD expression by in situ hybridization
in wild-type and Sox2 hypomorphic-null heterozygotes showed no difference between mutant and
wild-type retinas (Figure 3-18).
To examine the possible alterations in the Sonic hedgehog signaling pathway within the
hypomorphic null retinas we assayed expression of Gli1, the transcription factor expressed in retinal
neuroblasts, that is both a direct target and mediator of Shh signaling (Dakubo and Wallace 2004). In
situ hybridization with a Gli1 specific probe did not reveal any apparent expression alterations in
Sox2 mutants at E14 (Figure 3-18) consistent with differentiation of the progenitor cells and
specification of RGCs.
Notch receptors and their targets, members of the Hes protein family restrict differentiation
within the pool of NPCs. Activation of Notch signaling in NPCs represses neuronal differentiation
and maintains progenitor identity (Schneider, Turner et al. 2001). In the early retina Hes proteins
repress expression of the proneural bHLH factor MATH5, which is essential for establishment of
RGCs lineage(Brown, Patel et al. 2001; Wang, Dakubo et al. 2002). In situ hybridization of E15
mouse retinas demonstrated that both Notch1 and Hes5 (Figure 3-19A) are expressed at substantially
lower levels in retinal progenitors of Sox2-null hypomorphs. Furthermore, the expression is lower in
more severely affected Sox2lP/EGFP mutants, suggesting that Notch1 signaling directly correlates with
the level of Sox2 expression (compare Figure 3-19 A and B). This correlation of SOX2 and Notch1
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expression levels in mouse mutant retinas was further confirmed by Western blotting (Figure 3-19D).
The wild-type levels of Notch1 and Hes-5 expression are maintained in the neural tube where Sox2 is
co-expressed with Sox1 and Sox3, providing an internal control for the in situ staining (Figure 3-19C
insert).
The abnormal differentiation of RGC, in particular inability of their axons to enter the optic
nerve can also result from defects in other cell populations within retina that provide the guiding clues
for growing axons. Specific function in axon guidance was attributed to a small group of cells
surrounding the retinal entrance to the optic nerve and organizing the optic nerve head. This cell
population also referred to as peripapillary glia (Schuck, Gerhardt et al. 2000) forms a defined
structure that develops at the border of embryonic retina and optic stalk. One of the axon guidance
molecules expressed in the small group of cells at the optic nerve head, as well as in the optic nerve
itself is Netrin1. It is a secreted protein that acts as a local positive attracting signal for RGCs axons
and insures their entrance into the optic nerve (Deiner, Kennedy et al. 1997; Mann, Harris et al. 2004;
Oster, Deiner et al. 2004). In situ hybridization shows expression of Netrin1 at E14 in both retina and
optic nerve (Figure 3-20B-1). The optic nerve expression of Netrin1 was maintained in Sox2lP/EGFP
embryos (Figure 3-20B-1 arrowhead), however, no optic nerve head cells were detected in the
analyzed sections. Instead Netrin1 expression was detected in aberrant areas of ventral retina (Figure
3-20B-2,C-2), consistent with alternative exit points detected for RGCs axons (Figure 3-20A-2).
Absence of Netrin1 at putative optic nerve head was also observed at E15, also expression of Netrin1
in ventral retina appeared less intense. Thus it is possible that aberrant differentiation of Netrin1
expressing cells may at least in part be responsible for misguidance of RGC axons.

Sox2 hypomorphic null mutant retinas demonstrate hypocellularity, loss of RGCs, aberrant
structure of IPL and distortions of laminar organization. Aberrant positioning of Netrin1 expressing
cells suggests that reduced SOX2 levels can also affect differentiation of other cell populations
derived from the optic cup. Downregulation of SOX2 results in lower levels of expression of Notch1
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and its direct downstream target Hes5, while expression of Pax6, Math5, Gli1 and NeuroD remain
unaltered. This selective effect of the hypomorphic levels of SOX2 on Notch pathway suggests that
SOX2 may maintain retinal neural progenitor identity, at least in part, through the regulation of
Notch1 expression.
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Discussion
Sox2 hypomorphic-null mice develop small or rudimental eyes that display a set of ocular
malformations. Both neural components of the eye: retina and optic nerve are severely shrunken and
deformed. Retinal displasia due to hypomorphic mutation of Sox2 is characterized by the
hypocellularity, disrupted laminar organization and loss of retinal ganglion cells. Absence or
rudimental structure of optic nerve is consistent with the loss of the only projection neurons of the
retina. These neurological defects correlated with the reduction in SOX2 level in NPCs and their
analysis implements SOX2 into the following mechanisms.
Loss of RGCs in adult retina may result from precocious differentiation of NPCs due to lower
level of Notch signaling
One of the possible mechanisms that leads to apoptotic cell death of generated retinal ganglion
cells as well as misrouting of their axons is abnormal differentiation of this cell type. In Part 2 of this
chapter we demonstrated that ablation of SOX2 in NPC prevents their differentiation. We can
hypothesize that cells differentiated under low levels of Sox2 failed to express some crucial
components essential for their maturation and finding the synaptic target.
RGCs are the first cell type to derive from a pool of virtually identical multipotent retinal neural
progenitor cells within the inner part of the optic cup shortly after invagination, that takes place
around E11.5 in mouse (Turner, Snyder et al. 1990). Specification of RGCs starts from the center of
the retina and expands toward the periphery suggesting that inductive cues come from neighboring
central structures, possibly the optic stalk. A propagation wave of Sonic Hedgehog expression from
the center of the retina to the periphery has been observed in retina before RGC specification and was
suggested to be the inductive signal for RGC formation (Kay, Link et al. 2005). We haven’t
specifically addressed induction of RGC differentiation in Sox2 hypomorphic-null mutants. However
the first ß-TubulinIII positive cells appeared in mutant retina either simultaneously or slightly later
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then in control littermates and a smaller number of differentiated cells was observed up to E14.
Whether the delay is caused by impediment in induction signal or NPCs response to it remains to be
investigated. In Sox2-null retinal NPCs of αP0-CRE;Sox2cond/cond animals response to Shh analyzed by
expression of Patch1 was not observed, suggesting that SOX2 may affect regulation of Shh signaling
pathway genes. Maintenance of Shh signaling within hyporphic-null retina was confirmed by Gli1
expression at E14 – E15, though alterations at earlier stages or involving different components of Shh
pathway cannot be ruled out.
A significant role in regulating differentiation of RGCs has been described for Pax6, Ath5, and
the Brn3 transcription factors as well as Notch pathway components (Mu and Klein 2004). In Part 2
of this chapter we demonstrated that in the absence of SOX2 Math5, Notch1 and Hes5 are not
expressed in NPCs and differentiation of RGCs was not observed from Sox2-null retinal progenitors.
Also by analyzing expression of the α P0-CRE transgene we suggest that SOX2 downregulates
expression of Pax6 within retina. In Sox2 hypomorphic-null retinas expression of PAX6, Math5,
Brn3b appeared unaltered, although subtle changes in expression level are possible. However, we
noticed a substantial decrease in the expression of Notch pathway components. Both Notch1 and
Hes5 were detected appropriately in NBL of the retina, however their expression level was lowered
proportional to the detected level of SOX2.
Downregulation of Notch signaling may result in the precocious initiation of a differentiation
program in the larger proportion of retinal neural progenitor cells that can explain both
hypocellularity and defect in RGCs. It has been shown previously that most of early precursors are
competent to differentiate into ganglion cells when Notch signaling is blocked, although only
13–14% actually become ganglion cells in the normal retina, where Notch signaling is active (Austin,
Feldman et al. 1995). Lower number of proliferating cells would lead to hypocellularity. Though, as
mentioned above at early developmental stages (E11 – E14) we observe lower number of
differentiated neurons, it doesn’t exclude the change in proportion of differentiated neurons versus
dividing progenitors. Moreover this analysis is complicated by abnormal morphology of the mutant
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retinas as well as increase in appoptosis. Higher number of apoptotic cells was noticed as early as E12
and increased substantially by E16, proportional to the production of the RGC. Such increase in cell
death might compensate increase in RGC differentiation, so that no apperent increase in a number of
differentiated neurons is observed.
Also Notch regulates the ability of Ath5 to promote ganglion cell differentiation, by modulating
the relative levels of Ath5 activity in the retinal precursors in Xenopus (Moore, Schneider et al. 2002).
Though we do not observe an increase in the expression domain of Pax6 and Math5 it is important to
note that both of these transcription factors are expressed in progenitors competent but not destined to
become RGCs. Thus it is possible, that aberrant differentiation of ganglion cells in Sox2 mutants is
due to subtle up-regulation of Math5 or Pax6. It is also possible, that Math5 function but not
expression level is upregulated, due to lower amounts of the Hes proteins. It was suggested that these
downstream effectors of Notch pathway can functionally antagonize bHLH transcriptional activators
by sequestering their co-factor E47 (Sasai, Kageyama et al. 1992).
Possible mechanisms for disruption of retinal laminas and rosette formation
Disruption of retinal laminar organization in a form of few clusters of rosettes and/or folds is a
characteristic feature of retinal displasia in Sox2 hypomorphic null mutants. During retinal
development these aberrant structures are first observed in Sox2 mutants around E15 and in adult
mice comprised of differentiated cells. The folded retina within these structures usually preserves
laminar organization and contains inner and outer nuclear layers and more or less developed synaptic
layers.
Formation of various types of rosette structures occurs as a result of over-proliferation in
retinoblastoma, however these structures maintain a substantial proportion of undifferentiated cells.
The Flexner-Wintersteiner rosettes that are common in human retinoblastoma consist of a single cell
layer of photoreceptors and are numerous and imbedded in undifferentiated tissue. In mouse model of
retinoblastoma carrying Rb-/-;p107-/- mutations rosettes are formed by photoreceptors and/or
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amacrine and progenitor-like cells with no structural organization (Robanus-Maandag, Dekker et al.
1998). Since in Sox2 mutant mice differentiated cells form multilayered retinal rosettes and increase
in proliferation was not observed upon downregulation of SOX2 function, over-proliferation is
unlikely mechanism for rosettes formation in Sox2 hypomorphic-null mice.
Rosettes and folds formed by differentiated cells within retinal neuroepithelium were described in
animals that carry mutations in Shh pathway genes as well as in N-Cadherin and genes involved in
Notch signaling cascades. A role for RGC-derived Shh in the development of normal retinal
organization is suggested by extensive disorganization (rosettes) in differentiating retinas of Thy1Cre;Shh/c mice, where Shh expression was selectively deleted from differentiated ganglion cells
(Dakubo, Wang et al. 2003). Retinal rosettes are also observed in mouse retinal explants cultures and
are much more pronounced if the cultures are treated with a monoclonal anti-Hh antibody. This
retinal disorganization is associated with an abnormal scaffold formed by radial processes of Muller
cells. Treatment of retinal explants with recombinant Shh rescues the development of the Muller cell
scaffold and restores normal retinal lamination (Wang, Dakubo et al. 2002). This morphogenic
function of Shh appears to be independent of its effects on cell proliferation, since mitogens of retinal
precursor cell, such as bFGF and EGF, are unable to prevent the disorganization seen in retinal
explants cultures. Although it is unclear how Shh promotes laminar organization in vivo, the in vitro
experiments suggest that it may do so via Muller cells, which are the main targets of Hh signaling in
the adult retina (Wang, Dakubo et al. 2002; Dakubo, Wang et al. 2003; Dakubo and Wallace 2004;
Wang, Dakubo et al. 2005). Although loss of RGCs in Sox2 hypomorphic-null mice may contribute to
laminar disorganization at later stages, we did not observe changes in expression of downstream
target of Shh signaling Gli1inmutant embryonic retinas at E14, while rosette formation was detected
as early as E15.
N-Cadherin is Ca2+ dependent homophilic cell adhesion glycoprotein implicated in both
establishment of retinal lamination and RGC axonal growth. In Zebrfish N-Cadherin (Parachute) loss
of function mutants demonstrate early disruption of retinal laminar structure. In these mutants all
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major cell types are present and synapses typical for IPL are established within the retina folds and
rosettes (Erdmann, Kirsch et al. 2003; Masai, Lele et al. 2003). In Xenopus N-Cadherin is required for
outgrowth of RGC axons (Riehl, Johnson et al. 1996), while in zebrafish it was implicated in
fasciculation within the optic nerve (Masai, Lele et al. 2003). Since defects in both lamination and
RGC axon guidance are observed under hypomorphic levels of Sox2 expression disruption of NCadherin mediated cell adhesion mechanism gives a likely explanation to both phenotypes.
Moreover, a recent study (Matsumata, Uchikawa et al. 2005) demonstrates that SOX2 is an important
activator of N-cadherin expression in chick lens placodes. Although we considered the alteration in
N-Cadherin expression in the Sox2 mouse mutants further experiments are required to determine
whether Sox2 expression levels regulate N-Cadherin function in mouse retina.
A strikingly similar rosetting phenotype to the one observed in Sox2 hypomorphic null embryos
was previously described in Hes1-/- mutant mice. Hes1 as its close homolog Hes5 are downstream
effectors of Notch signaling pathway. Loss- and gain-of-function studies in the late embryonic and
postnatal mouse retina demonstrate that Hes genes, like their fly homologs are transcriptional
repressors of neurogenesis (Kageyama, Ohtsuka et al. 2000). In particular, in the retina H e s 1
represses the formation of RGC, rod, horizontal, and amacrine neurons (Tomita, Ishibashi et al. 1996)
but also promotes Muller glia formation (Furukawa, Mukherjee et al. 2000; Hojo, Ohtsuka et al.
2000). In the retina of Hes1-null mutant mice, differentiation was accelerated, and neurons appeared
prematurely. Premature neuronal differentiation and depletion of progenitor pool was suggested as
one of the mechanisms resulting in aberrant positioning of differentiated neurons and generation of
abnormal rosette-like structures (Tomita, Ishibashi et al. 1996) (Takatsuka, Hatakeyama et al. 2004).
Moreover, it was demonstrated that Hes genes are essential for maintenance of radial morphology on
neural epithelial progenitors as well as intercellular junctions between these cells at the apical side
and basal lamina at the basal side. Premature loss of radial morphology of NPCs was observed in
spinal cord of Hes1-/-;Hes5-/- mice and was suggested to contribute to aberrant neuronal localization
and disruption of the mantle layers (Hatakeyama, Bessho et al. 2004).
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Thus it is likely, that two mechanisms contribute to formation of rosette or fold structures
observed in retinas of Sox2 mutant mice. The downregulation of Notch pathway genes that was
observed in Sox2 hypomorphic null mice may lead to precocious differentiation and aberrant
positioning of neurons as well as disruption of radial morphology of retinal precursor cell. Also direct
alteration of N-cadherin expression by SOX2 can change the adhesion properties of retinal cells and
contributes to observed phenotype.
Alternative mechanisms for axon guidance defects in Sox2 hypomorphic-null retina.
Misrouting of retinal ganglion cell axons is the major and 100% penetrant abnormality observed
in embryonic mouse retina of Sox2 hypomorphic null mice. As was suggested before, this phenotype
can result from cell-autonomous defect within the RGCs that abolishes their sensitivity to the axon
guiding cues. An alternative explanation is that the axon-guidance molecules within the retina are lost
or misplaced due to abnormalities in retinal patterning or morphogenesis of the optic cup. Disruption
of the N-cadherin expression, described above provides one of the likely explanations, however other
mechanisms can be involved.
It is widely accepted that axons are guided to their targets during neural development by a
combination of diffusible and membrane-bound cues that can be attractive or repulsive for growth
cones (Tessier-Lavigne and Goodman 1996). During development of the visual system RGC axons
are seen to grow along stereotyped pathways to innervate their primary targets, the midbrain tectum
and the lateral geniculate nucleus. The first directional decisions that axons make is finding way from
their site of origin in the retinal epithelium toward the vitreal surface of the retina and then making a
sharp turn and heading to the optic disc within the NF layer.
Initial RGC axon guidance seem to operate independently of the optic disc, so that the retinal
epithelium may have an intrinsic polarity that determines the trajectory of axons along the radial axis.
The first RGCs differentiate close to the border with optic stalk around E11.5 in mouse and sprout
their axons radially toward it. By E12 their axons grow laterally toward the head of emerging optic
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nerve adjacent to the vitreal retinal surface in relation to the inner surface of the basal lamina and the
end feet of neural progenitor cells. Normally, axon growth is markedly polarized toward the optic
disc, with very few axons projecting elsewhere and by E15 the optic fiber layer has expanded
peripherally to encompass the entire retinal surface (Mann, Harris et al. 2004; Oster, Deiner et al.
2004).
Multiple exit points of axon bundles are observed in retinas of Sox2 hypomorphic null mice. It is
possible that the early retinal neuroepithelium with lower level of Sox2 expression has severely
altered extracellular features that lead to aberrant axon growth. Then the mechanisms that affect the
adhesive properties of retinal NPCs and disrupt the basal lamina structure can result in faulty decision
of RGCs. Severe disruption of the basal and apical lamina of neural epithelium were described in
Hes1-/-;Hes5-/- mutants (Hatakeyama, Bessho et al. 2004). Moreover Hes1-/- single mutant mice
demonstrate similar misrouting of RGCs axons. It is possible that similar but less severe alterations
are caused by Hes downregulation observed in Sox2 mutant retinas.
Several extracellular signaling molecules have been reported to be involved in the central
projection of retinal axons toward the optic disc. Before the onset of axonogenesis the retinal surface
is nonpermissive for axon growth; its permissiveness for growth recedes centrifugally in parallel with
the onset of RGC axonal formation (Halfter 1996). It has also been shown that chondroitin sulfate
proteoglycan expression in the retina is lost in a centrifugal direction that correlates with
differentiation of RGCs, so that it prevents RGC axons from navigating away from the optic nerve.
After sending out transient minor processes in all directions, one RGC process extends in the opposite
direction to the receding chondroitin sulfate proteoglycan wave and is retained to become the mature
axon that grows toward the optic disc (Brittis, Canning et al. 1992; Brittis and Silver 1995). It has
also been suggested that members of the Eph family of receptor tyrosine kinases and their Ephrin
ligands may be involved in the guidance of RGC axons within the retina. Several of these ligands and
receptors are expressed in retina forming dorsal–ventral, nasal–temporal, and central–peripheral
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gradients determining positional information within the retina(Mann, Harris et al. 2004; Oster, Deiner
et al. 2004).
Another growth-promoting mechanism involving the Slit family of axon guidance molecules was
described to lead axons towards central retina. Slits were originally discovered to play a critical role
in the development of axon commissures in the Drosophila nervous system (Kidd, Bland et al. 1999).
Subsequent studies have demonstrated that mammalian Slit homologs also play important roles in
axon guidance, olfactory development, and neuronal migration (Brose and Tessier-Lavigne 2000). In
the mouse retina, Slit1, Slit2, Robo1 and Robo2 are expressed in the ganglion cell layer GCL during
embryonic development (Erskine, Williams et al. 2000; Niclou, Jia et al. 2000; Ringstedt, Braisted et
al. 2000). RGC axons in the retina have been reported to preferentially grow on retinal cells that
express Slit. Slit1 may act positively to guide retinal axons within the NF layer. It has been suggested
that RGC axons hop from cell to cell towards central retina and disruption of proper Slit1 expression
leads to disorganized axon trajectories in the peripheral retina (Jin, Zhang et al. 2003) (Mann, Harris
et al. 2004; Oster, Deiner et al. 2004).
Whether formation of chondroitin sulfate proteoglycan and Efh-Ephrin maps or Slit1 expression
are altered in Sox2 hypomorphic null retina remains to be determined. However, loss of the repulsive
signals on NPCs will explain appearance of seemingly random exit points within the retina. Selective
loss or change in one of the Eph-Ephrin gradients may be behind observed exclusively ventral
location of the aberrant axonal bundles. On the other hand, direct regulation of the Slit expression by
Sox2 homolog Dichaete was described in Drosophila midline glia (Ma, Certel et al. 2000).
Once RGC axons reach the optic disc, they appear to be guided into it by a Netrin-dependent
mechanism. Axon response to Netrin1 is mediated by DCC (Deleted in Colorectal Cancer), an Ig
molecule member that serves as a Netrin1 receptor (Serafini, Kennedy et al. 1994; Serafini,
Colamarino et al. 1996). In mice deficient for Netrin1 or DCC axons are guided to the disc normally
but fail to enter it and instead continue growing abnormally into other regions of the retina resulting
in hypoplasia of the optic nerve. The Netrin1 protein is present in the embryonic eye at the time of
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optic fissure closure and later it is expressed on the processes of neuroepithelial cells that surround
and extend into the optic nerve head as well as within the optic nerve. Within the optic nerve head
RGC axons express DCC and course in between the Netrin1 positive neuroepithelial cell processes
(Deiner, Kennedy et al. 1997). Our analysis of Netrin1 expression within embryonic retina of Sox2
hypomorphic null mice failed to locate the optic nerve head. However Netrin1 expression was
detected within the remnants of optic stalk and in ventral retina. Moreover, as observed in sequential
sections RGC axons growth was directed to Netrin1 positive areas besides their aberrant location.
The expression pattern of Netrin1 in the ventral retina resembles the one observed in E11 retina
before the closure of the optic fissure. Displacement of Netrin1 expressing cells can be due to
abnormal patterning of the border between the early optic cup and optic stalk and/or defects in closure
of optic fissure. This suggests that morphogenic defects in the invagination of the ventral aspect of the
optic vesicle and optic stalk that result in formation of the optic cup and optic fissure may contribute
to the ocular phenotype observed in Sox2 mutants.
The abnormal closure of the optic fissure leads to development of coloboma (colobomatus) a
condition often associated with microphthalmia and recently described in connection with Sox2
mutation in humans. Among genetic causes of optic nerve coloboma a substantial number of mutation
described involve genes of Pax and Vax families. In particular, null mutations in Pax2 and Vax1
genes lead to coloboma and also to axon guidance defects in the optic stalk in mouse. Our analysis of
the eye in mouse Sox2 mutants was done mainly on horizontal sections and detection of coloboma is
complicated in horizontal plane. Further analysis of the developing eye 3D structure using
parasagittal sections would be helpful to rule out or confirm morphogenic abnormalities.
Both Pax2 and Vax1 are expressed in glial precursor cells of the optic stalk, developing optic
nerve and optic nerve head as well as their descendent astrocytes (Torres, Gomez-Pardo et al. 1996;
Hallonet, Hollemann et al. 1998) and it appears that both genes regulate expression of Netrin1 in
these cells. Mutation of the Pax2 zebrafish homolog, Pax2.1 (Noi, no isthmus) has been shown to lead
to a pronounced reduction in Netrin1 expression in the developing optic stalk and nerve (Macdonald,
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Scholes et al. 1997). Interestingly, rosettes surrounding the optic nerve head were noticed in Pax2+/and Krd+/- (spontaneous Pax2 null mutant) mice that also show hypoplasia of the optic nerve
(Otteson, Shelden et al. 1998). A null mutation in mouse Vax1 markedly reduces expression of
Netrin1 in the optic disk and even more so in optic stalk as early as E12 and by E14.5 Netrin1 is
nearly undetectable in either structures (Bertuzzi, Hindges et al. 1999). The Pax2 expression domain,
in particular establishment of its dorsal border depends on gradient of Pax6 expression. Considering
that Sox2 dependent negative regulation was observed at one of the gradient forming enhancers of
Pax6 gene, enhancer “α ” , it is quite likely that a decrease in SOX2 extends domain of Pax6
expression ventrally and shifts Pax2 expressing domain resulting in observed misallocation of the
Netrin1 expressing cell population.

Taken together the data presented in Part3 suggest that within the neural retina the
downregulation of SOX2 expression leads to complex developmental abnormalities of retina and
optic nerve resulting in microphthalmia/anophthalmia, contributed by hypoplasia of retina and optic
nerve, disruption of retina laminar structure and selective loss of retinal ganglion cells. Decrease in
expression of the Notch pathway genes proportional to the available level of Sox2 was observed in
retina and may contribute to aberrant differentiation and following cell death of RGCs, as well as
rosette formation. Other feasible molecular mechanisms may involve alteration of Pax6, N-Cadherin
expression. Morphogenic and/or patterning defects within invaginating optic cup may contribute to
the observed axonal misguidance.
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Figure 3-1. Both in embryonic and adult mouse eye Sox2 expression visualized by antibody staining (red) is
recapitulated by EGFP fluorescence (green). Horizontal section of the embryonic eye and radial section
through the mature central retina of the Sox2+/EGFP mouse. Arrow heads point to the group of cells around
optic nerve head showing relatively high expression level of Sox2 compared to the rest of the retina.

148

149

A

SOX2

B

Brn3/EGFP

NF/EGFP

ISLET1/EGFP

PKC/EGFP

CRALDBP/EGFP

GFAP/EGFP

OS+
IS
ONL
OPL
INL
IPL
GCL
NF

C

PAX6/EGFP

Calretinin/EGFP

Figure 3-3. Sox2 expression in adult mouse eye is maintained in amacrine and Muller glia cells. A) In radial
sections mature central retina antibody staining for SOX2 identifies groups of cells in inner nuclear cell layer
and ganglion cells layer (OS+IS – outer and inner segments of photoreceptors, ONL and INL – outer and inner
nuclear layers, OPL and IPL outer and inner plexiform layers, GCL – ganglion cell layer, NBL – neuroblast
layer, NF - nerve fiber layer). B and C) Microphotographs of the radial sections through adult central retina
stained with antibodies against cell-type specific molecular markers. In adult Sox2+/EGFP mice EGFP
expression is co-localized with Islet1 and Calretinin marking the subset of amacrine cells and CRALDBP and
GFAP marking the Muller glia (arrows). No expression was detected in ganglion cells marked by Brn3b and
Neurofilament (NF) or other cell types of INL (horizontal cells marked by NF or bipolar cells marked by
protein kinase C alpha (PKC), as well as in majority of amacrine cells marked by IsletI and Pax6 and
Calretinin.
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Figure 3-4. Cre expression in αP0-CRE transgenic mice. A) Schematic representation of the wild-type Pax6
gene showing localization of the regulatory elements P0 promoter and α enhancer that were used create αP0CRE transgene (B) (Kammandel-1999, Marquardt-2001, Bäumer-2002). C,D) Expression of the transgene in
wild-type embryos was visualized by EGFP. E) EGFP fluorescence (green) in the retina recapitulates Cre
expression visualized by antibody staining (red). F-J) In Sox2+/+ mice αP0-CRE transgene expressed in majority
of cells of the peripheral retina from E10 to E16, while from E16 to adult it is also expressed in small population
of cells in INL (I-insert, J).
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Figure 3-5. Generation of retina specific deletion of Sox2. A) Mating scheme showing only pups with analyzed
mutant (yellow outline) and control genotypes. B) Photograph of the representative 1 month old and newborn
littermates (1 - αP0-Cre; Sox2+/cond, 2 - Sox2cond/cond, 3 - αP0-Cre; Sox2cond/cond). C) Mutually exclusive
expression of the transgene and Sox2 in αP0-Cre; Sox2cond/cond retina visualized by antibody stainning (red) and
EGFP fluorescence proves generation of the Sox2∆cond/∆cond neuroblasts.
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Figure 3-6. In retinas with reduced SOX2 levels expression of the αP0-Cre transgene is upregulated and spreads
into central part. A) Microphotographs of sections through the retina showing expression of the αP0-Cre
visualised by EGFP fluorescence. B) Map of the mouse Pax6 locus showing location of the regulatory elements
used to generate the αP0-Cre transgene. The restriction enzymes are abbreviated as following B - BglII, E EcoRI, X - XbaI. C and D) Sequences of the α-enhancer (C, “core” sequence highlighted in blue italic) and P0
promoter (D). Putative SOX2-binding sites are highlighted in bold.
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Figure 3-7. Sox2-null cells within differentiated retina. Microphotographs of radial sections through the mature
αP0-Cre; Sox2cond/cond retinas reveals a variable mosaic architecture with Hoescht nuclear staining (A) and
expression of αP0-Cre transgene visualized by EGFP fluorescence (green) (B). In B the Sox2 expressing cells
are identified by antibody staining (red). Roughly three three structural types can be distinguished within αP0Cre; Sox2cond/cond retinas (outlined areas are magnified below, D) Single layer patches (1), patches of normal but
thin (compare 2 and 4) retina and rosettes (3) demonstrate variable but mutually exclusive pattern of CRE-EGFP
and SOX2 expression. Single layer structures express high level of CRE-EGFP and no SOX2. The single layer
structures (1) either completely replace the retina or form additional layer on top or under normal and rosette
patches (3). C) Consistent with hypocellularity of the mutant retina severe hypoplasia of the optic nerve is
visible on the ventral side of the dissected brain.
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Figure 3-8. Characterization of the αP0-Cre transgene expressing cells within αP0-Cre; Sox2cond/cond retina.
Microphotographs of the radial sections through the “single layer” and “thin” patches (Figure 3-7) within the
retina of the P14 the αP0-Cre; Sox2cond/cond mice immunostained (red) for cell type molecular markers. Cells
expressing αP0-Cre transgene are visualized by EGFP fluorescence (green). Arrowheads indicate co-expression
of αP0-Cre derived EGFP with markers of amacrine (Pax6 and Calretinin) and Muller glia (CRALBP and
GFAP) cels.
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Figure 3-9. Differentiation of mature retina cell types is restricted to thin and rosette structures in αP0-Cre; Sox2cond/cond mice. Immunostained radial sections of
P14 mouse retina. Patches of thin (2) and rosette forming (3) retina in αP0-Cre; Sox2cond/cond differentiate and form photoreceptors, interneurons RGCs and
Muller glia recognized by expression of cell-type specific molecular markers similar to control sections (4). The single layer patches (1) of Sox2∆cond/∆cond cells do
not express molecular markers of neuronal or glial cells of neural retina and morphologically resemble non-pigmented columnar epithelium of cilliary bodies.
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Figure 3-10. Ablation of Sox2 expression inhibits differentiation of neural progenitors.A) Horizontal sections
through embryonic mouse eye immunostained for ß-TubulinIII shows consistent reduction in the number of
differentiated cells in aP0-Cre;Sox2cond/EGFP retinas. B) Horizontal sections through the embryonic mouse eye at
E14 demonstrate mutually exclusive expression of the ß-TubulinIII (red) and aP0-Cre transgene (green).
Expression of Islet1 protein, specific for postmitotic neurons (C) or mRNA for markers of neuronal
differentiation such as NeuroD, Math5 and Shh receptor Patched1 (D) was not detected in Sox2∆cond/∆cond cells.
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Figure 3-11. Ablation of Sox2 expression from neural progenitors inhibits expression of Notch pathway genes,
but not Pax6 in embryonic retina. Notch1, Delta1, Hes5 were identified by in situ hybridization on horizontal
sections through the E14 mouse eye. (A). PAX6 expression determined by antibody staining on horizontal
sections through the E14 mouse eye was maintained in Sox2∆cond/∆cond cells (arrows) of periferal retina (B).
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Figure 3-12. Sox2-null retinal neural progenitor cells stop proliferation. A) Microphotograph of the littermate
embryos. B) Horizontal section through the eyes stained with Hoescht nuclear staining demonstrate
hypocellularity of the retina in mutant mice with severe hypoplasia observed at E16.5. C) Loss of BrdU
incorporation is apparent in distal retina NPCs expressing Cre. D) PCNA immunostaining is downregulated in
isolated regions of E16.5 but not E12.5 mutant retina.
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Figure 3-13. Sox2 null-hypomorphic mice demonstrate microphthalmia and postnatal growth retardation. A)
Representative photographs of the 1 month old littermates and microphotographs of dissected eyes (7x). B)
Representative microphotograps of the E15 embryos (7x) and horizontal section of the eyes (100x). C)
Microphotograph of the ventral surface of the dissected brains of 2 month old mice show severe hypoplasia of
the optic nerve in Sox2 hypomorphic-null mice. D) Nuclear staining of the corresponding mature retinas reveals
general hypocellularity with particular severe cell loss observed in the inner nuclear and ganglion cell layers as
well as collapse of inner plexiform layer. (ONL and INL – outer and inner nuclear layers, OPL and IPL outer
and inner plexiform layers, GCL – ganglion cell layer) E and F) Analysis of the amount of SOX2 in E14 mouse
eyes using Western blot demonstrates substantially lower protein levels in the Sox2 hypomorphic-null mice. E representative Western blot for SOX2, ß-Actin and EGFP from E14 mouse eyes. F - Quantification of relative
amounts of SOX2 and EGFP normalized to ß -Actin, n=3.
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Figure 3-14 - Decrease in SOX2 levels leads to selective loss of retinal ganglion cells. Representative radial
sections through the central retina of adult SOX2+/EGFP and Sox2IR/EGFP mice stained with antibodies to the
cell-type specific molecular markers and SOX2. Loss of Brn3b expression and significant reduction in the
number of cells expressing Neurofilament, Islet1 and Pax6 in the ganglion cell layer suggest absence of RGCs
(arrows). In contrast, interneurons demonstrate a relatively normal distribution, as shown by staining for
horizontal cells in the inner plexiform layer with Neurofilament; staining in the inner nuclear layer for
amacrine cells with Islet1 and Pax6 and Calretinin; and for bipolar cells using PKCα. Calretinin staining
illustrates significant reduction in the size of inner plexiform synaptic layer (arrows). No cell loss was
apparent in outer nuclear layer (ONL) formed by photoreceptor cell bodies, as confirmed by Rhodopsin
staining of the outer segments. Presence of Muller glia cells was confirmed by CRALBP immunoreactivity.
Also, we noted the up-regulation of GFAP expression in central retina of the Sox2IR/EGFP mice, as compared to
the SOX2+/EGFP mice (arrows, inset showing lower magnification image of the section). Expression of Sox2
was maintained in the INL.
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Figure 3-15. The Sox2IR/EGFP and Sox2lP/EGFP mice develop the rosette-like structures in the retina.
Representative radial sections through postnatal mouse retina. EGFP fluorescence and antibody staining
demonstrate that rosettes are created by the numerous folds of the differentiated retina.

162

E11.5

E12.5

E14.5

Sox2+/EGFP

Sox2IR/PEGFP

A

Brn-3

Islet1

ß-Tubulin

C

PCNA

Sox2+/EGFP

Sox2IR/PEGFP

B

Figure 3-16. Aberrant differentiation of the RGCs in Sox2 hypomorphic-null mice. A) Horizontal eye section of
the mouse embryos show generation of retinal ganglion cells detected with antibody staining with marker of
differentiated neurons and ß-TubulinIII. B) Horizontal eye section of the E15 mice show formation of retinal
ganglion cells detected with antibody staining against cell-type specific marker Brn3b as well as markers of
differentiated neurons Islet1 and ß -TubulinIII. C) Lower number of progenitor cells detected in the areas with
aberrant expression of ß -TubulinIII (arrowheads).
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Figure 3-17. Apoptosis in embryonic retina of Sox2 hypomorphic null mice. Analysis of the numbers of cells in
the retina immunoreactive for activated Caspase-3. Cells were counted in the retina on horizontal head sections
of mouse E12, E14, and E15 embryos (representative sections through the central retina shown in A) and at each
age compound hypomorphic null retinas were compared to wild-type controls n=4 (B)
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Figure 3-18. Expression of markers of neural progenitors differentiation in retina of Sox2 hypomorphic-null
embryos. Representative horizontal sections of central retina of E14.5 - E15.5 SOX2+/EGFP and Sox2lP/EGFP
littermates show normal immunostaining pattern for PAX6 (A) and in situ hybridization with specific probes for
NeuroD, Math5 and Gli1 transcription factors showed no significant difference in retinal expression (B).
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Figure 3-19. Notch1 and Hes5 are downregulated in retinas of Sox2 hypomorphic null embryos. In situ
hybridization of horizontal eye sections from E15 mouse embryos with specific probes against Notch1 and its
downstream target Hes5 (A and B) and Western Blot assay for Notch1 protein in E14 whole eye extracts (C)
indicate selective down-regulation of the Notch signaling in the retinas of hypomorphic mutants. D) Sequences
of the intron 13 of Notch1 mouse gene with SOX2-binding sites highlighted in bold.
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Figure 3-20. Retinal axon guidance phenotype in Sox2 hypomorphic null embryos. A) Horizontal sections of
E15 Sox2lP/EGFP and Sox2IR/EGFP embryos stained with Neurofilament display abnormal and irregular axonal
outgrowth, in central (1) and in particular in ventral retina (2) and hypoplasia or loss of optic nerve (3). D,C)
In situ hybridisation shows no expression of axon guidance molecule Netrin1 in the central retinal sections
of Sox2lP/EGFP of E14 (B) and E15 (C) embryo (1, arrow) though it is detected in the rudimental optic nerve
and in aberrantly in the ventral retina (arrowhead).
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Chapter 4.
Discussion
Brief summary of findings
In this study we engineered a conditional null allele (Sox2cond) and two hypomorphic regulatory
alleles (Sox2lP and Sox2IR) of the mouse Sox2 gene that encodes a protein of the SoxB1 subfamily of
sequence specific HMG-box transcription factors. Using these alleles we conducted genetic analysis
of SOX2 function in the developing mouse retina. We confirm that Sox2 is expressed throughout the
dividing progenitor population of the mouse retina and demonstrate its expression in a subpopulation
of adult amacrine cells and Muller glia. By generation of a tissue specific deletion of Sox2 in neural
progenitors of the retina, we provide genetic evidence demonstrating that SOX2 is essential for
maintenance, proliferation and initiation of neural differentiation of mammalian retinal neural
progenitor cells. The conserved requirement for SOXB1 factors in the CNS ventricular zone and
retinal progenitors suggests that a common mechanism regulates the maintenance of progenitor cell
identity in distinct regions of the CNS. Reduction in SOX2 level within the retina progenitor cell
limits its capacity to differentiate. We suggest that that transcriptional regulation by SOX2 depends on
its level within the cell, as we observe in comparative changes in expression level for at least two
genes Notch1 and Hes5. An overt consequence of reduction of Sox2 expression below the critical
level, estimated in mouse as 40-50% of the average in wild-type, is severe dysplasia of retina and
optic nerve, characterized by selective loss of retinal ganglia cells and disruption of retinal lamina
structure. Sox2 hypomorphic null mice provide a model for human SOX2-Anophthalmia syndrome.

SOX2 level regulates maintenance and differentiation of neural progenitor cells in
vertebrates.
Sox2 is expressed throughout the progenitor cell populations of the CNS. Neural progenitor cells
are dividing cells with the capacity to generate multiple differentiated neurons and/or glia. In
developing embryos, tissues and organs are derived from these cells de novo. In adults, the few
populations of neural progenitor cells, e.g., those in the olfactory bulb and hippocampus support
continuous neurogenesis and limited reconstitutive potential throughout the lifespan (Weissman,
Anderson et al. 2001). Under pathological conditions aberrant development of NPCs can result in
formation of intrinsic malignant tumors of the nervous tissue such as glioblastoma (Holland 2001).
Thus, regulation of self-renewal and differentiation capacities of neural progenitor cells is of
increasing interest for basic developmental biology and pathology as well as therapeutic applications
in oncology and reconstructive medicine. In this study we provide genetic evidence showing that
levels of SOX2 regulate self-renewal and differentiation potential of neural progenitor cells.
Genetic ablation of Sox2 in early retinal neural progenitor cells inhibits both their proliferation
and neural differentiation. In order to bypass the early requirement of SOX2 in the ICM and likely the
neural plate and to specifically address its role in defined neural progenitor, we employed the CreloxP strategy to conditionally inactivate Sox2 in the mouse, using the retina as a model system for
neural progenitor differentiation and development. Our results demonstrate that SOX2 is required for
the maintenance of neural retinal progenitor identity, such that after Cre-mediated ablation of SOX2
activity in the developing retina, NPCs lose their ability to both divide and differentiate.
Consequently, neurogenesis, including the upregulation of bHLH factors (Math5, NeuroD) and the
appearance of ß-TubulinIII and Islet1 positive differentiated neurons, was not observed in the Sox2null cells (Figure 4-1A).
The genetic ablation of Sox2 described here in retinal neural progenitor cells, phenocopies
inhibition of SOX2 signaling in other NPC populations of embryonic and adult CNS of diverse
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species. The morpholino-knockdown of SOX2 in Xenopus results in similar cellular and molecular
consequences highlighting an evolutionarily conserved function and requirement of SOX2 in retinal
progenitor cell biology (Van Raay, Moore et al. 2005). Expression of a dominant interfering form of
SOX2 in chick neural progenitors results in their premature exit from cell cycle (Bylund, Andersson
et al. 2003; Graham, Khudyakov et al. 2003). In vitro siRNA inhibition of Sox2 in the multipotent
neural stem cells derived in culture from rat oligodendrocyte precursors results in their premature exit
from cell cycle and neuronal differentiation (Kondo and Raff 2004). A regulatory mutation in Sox2
that ablates its expression in neural epithelium of the developing inner ear (Lcc) prevents
differentiation of sensory neurons (hair cells), including upregulation of the proneural gene Math1
(Kiernan, Pelling et al. 2005). These data indicate that progenitor cell identity in distinct regions of
the CNS is maintained by a common SOX2-regulated mechanism.
SOX2 is maintained in proliferating neural progenitors with different developmental potency. We
suggest that lowering the level of Sox2 expression below 50% as in Sox2IR/EGFP and Sox2lP/EGFP mice
restricts the developmental potential of neural progenitor cells. The retinas generated from NPCs with
low SOX2 levels are consistently hypocellular. Aberrant neuronal differentiation is evident from
disruption of retinal nuclear laminas and malformed neuritic connections resulting in selective loss of
projecting neurons, retinal ganglion cells. The pathological defects due to lowering of SOX2 levels
have been described in other two systems. Reduced level of Sox2 expression in the inner ear of the
Sox2Ysb mutant result in the formation of fewer hair cells and disorganized structure of the sensory
neuroepithelium (Kiernan, Pelling et al. 2005). The regulatory mutation of mouse Sox2 that lowered
its expression level specifically in telencephalon leads to profound neural degeneration within
forebrain structures and impairs neurogenesis in the adult rodent nervous system (Ferri, Cavallaro et
al. 2004).
A difference in Sox2 expression level might exist in vivo and may serve to define different
progenitor populations. Antibody staining of tissue sections as well as examination of the EGFP
fluorescence pattern in Sox2+/EGFP mice (Chapter3, Part1) suggests that such gradation of SOX2 levels
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exists. However, this observation has yet to be confirmed by quantification. To examine the
possibility that that SOX2 levels define progenitors with diverse properties, NPCs with different
levels of Sox2 expression could be isolated from the neural tissue of Sox2+/EGFP mice based on the
intensity of EGFP expression by FACS analysis and their differentiation capacity could be addressed
using in vitro assays or in vivo after the transplantation.
Molecular mechanisms by which SOX2 dosage might regulate differentiation potential of NPCs
remain to be elucidated. To date, two major mechanisms of transcriptional regulation by SOX factors
have been suggested: direct recruitment of transcription activators and modification of chromatin
architecture or by bending DNA and changing the three-dimensional structure of a promoter or an
enhancer which may determine the accessibility of DNA to other transcription complexes (Pevny and
Lovell-Badge 1997; Kamachi, Cheah et al. 1999; Scaffidi and Bianchi 2001; Wegner and Stolt 2005).
In both cases, reduction in SOX2 protein level may affect recognition of low affinity binding sites
within the regulatory region. Although the existence of SOX2 binding sites with different affinities
has not been demonstrated, the sequence variability outside the core region within characterized sites
suggests this possibility. Moreover, in the context of an interacting protein network, it is possible that
subtle differences in protein levels are sufficient to shift the equilibrium towards another transcription
complex. For example, the expression of Fgf4 and Nestin, both previously identified as direct
transcriptional targets of SOX2, is dependent on heterodimerization of SOX2 with protein partners,
OCT3/4 and Brn2 respectively (Taguchi, Tagawa et al. 2002).
Changing the SOX2 levels may affect the balance between SOXB1 and SOXB2 (SOX14 and
SOX21) transcription factors within neural progenitors, as it has been suggested in neural tube
(Graham, Khudyakov et al. 2003) (Wegner and Stolt 2005). SOX21 and SOX14 are closely related to
SoxB1 proteins (Figure 1-5A) and probably bind to the same target sequences, but possess a
repression domain instead of a C-terminal transactivation domain (Uchikawa, Kamachi et al. 1999).
Overlapping expression of these genes is observed throughout CNS including developing retina
(Uchikawa, Kamachi et al. 1999; Woolfe, Goodson et al. 2005) (Rex, Uwanogho et al. 1997). It has
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been proposed that proneural proteins of the bHLH family counteract the activity of SOXB1 proteins
through upregulation of Sox21 (Sandberg, Kallstrom et al. 2005). SOXB2 proteins specifically
interfere with SOXB1-dependent transcriptional activation (Uchikawa, Kamachi et al. 1999) and as a
consequence promote progression of neurogenesis in the developing CNS (Sandberg, Kallstrom et al.
2005). The decision of a neural precursor to self-renew or to undergo neuronal differentiation
therefore might depend on the balance of SOXB1 and SOXB2 proteins. In this regard, detailed
analysis of SOXB2 genes expression within the retina would be beneficial for understanding the
possible interplay between SOXB factors within neural progenitor populations.

Analysis of mutant phenotypes suggests new downstream targets of SOX2
Despite mounting evidence that SOX2 is important in the maintenance of progenitor cell identity
(Bylund, Andersson et al. 2003; Graham, Khudyakov et al. 2003; Ferri, Cavallaro et al. 2004) the
question remains how SOX2 interacts with regulatory pathways implicated in this process. During the
years after the cloning of Sox2 about ten genes have been identified as its regulatory targets (Pevny
and Lovell-Badge 1997; Dailey and Basilico 2001; Kondoh, Uchikawa et al. 2004; Tanaka, Kamachi
et al. 2004; Rodda, Chew et al. 2005). Yet a recent screen conducted in human embryonic stem cells
demonstrated that SOX2 binds to the proximal regulatory region of 1271 out of 17917 (7%) of
characterized genes (Boyer, Lee et al. 2005). This suggests that like in ES cells SOX2 has a
widespread influence on transcriptional regulation in neural progenitors. However, so far only few
genes: Nestin, HoxB1 and Sox2 itself have been demonstrated to be direct targets of SOX2 regulation
in neural progenitor cells (DiRocco, Gavalas et al. 2001; Tanaka, Kamachi et al. 2004) (Catena,
Tiveron et al. 2004).
Gene expression analysis in this study was limited to immunohistochemistry and in situ
hybridization and thus only few genes expressed in NPCs (Pax6, Math5, NeuroD, Patched1, Gli1,
Notch1, Delta1, Hes5, PCNA and Netrin1) were analyzed. Deletion of Sox2 in retinal progenitors
prevents the expression of proneural genes (Math5, NeuroD) or genes involved in Shh (Patched1) and
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the Notch (Notch1, Hes5) signaling cascades. Two proteins Pax6 and PCNA though initially
maintained in Sox2-null cells (at least till E14) were not detected at later developmental stages.
Lowering Sox2 expression had less deleterious effects on expression of analyzed genes and most
appeared unaffected. However, we observed a selective direct correlation between expression levels
of Sox2 and genes involved in the mechanism of lateral inhibition of differentiation Notch1 and Hes5.
Moreover, a regulatory effect of SOX2 dosage was detected at the aP0-CRE transgene that was
constructed from two regulatory elements of mouse Pax6 gene: the P0 promoter and retina specific
intronic enhancer “α ” (Kammandel, Chowdhury et al. 1999; Marquardt, Ashery-Padan et al. 2001).
Interestingly “α ” enhancer has been shown to generate a central to peripheral gradient of Pax6
expression within the retina.
For one of the analyzed genes, Notch1, independent evidence has been obtained (Magnus ST,
unpublished data), that supports direct transcription regulation of Notch1 by SOX2. Whether
regulation of Hes5 expression is direct, or maintained through Notch1, remains to be determined.
Additional candidate target genes, such as Hes1, Pax2 and N-Cadherin can be suggested based on
analysis of the observed phenotype of Sox2 hypomorphic mutations.
However, most beneficial can be extensive gene expression analysis using microarray
technology. The comparative analysis of gene sets expressed in retinal neuroprogenitor cells of
Sox2∆cond/EGFP, Sox2lP/EGFP, Sox2IR/EGFP and Sox2+/EGFP genotypes that contain different amounts of
SOX2 will allow us to identify potential regulatory targets of this transcription factor. Although
expression levels within Sox2 hypomorphic null animals is variable it can be corrected by the level
determined from the microarray data. Expression of EGFP from Sox2EGFP alleles can be used to
separate the progenitor cell population from the retina by fluorescent activated sorting. Besides
identification of putative transcription targets, comparison of the results from such array experiment
with available data on gene expression within the retina at different developmental stages genes
(Diaz, Yang et al. 2003; Hackam, Bradford et al. 2003; Blackshaw, Harpavat et al. 2004) might be
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helpful to determine how the differentiation potential of neural progenitors depends on available level
of SOX2 and what other regulatory pathways are affected.

Disruption of the Notch signaling pathway as a mechanism responsible for retina
phenotype of Sox2 hypomorphic null mice.
In both vertebrates and invertebrates Notch signaling is known to restrict neural differentiation by
repressing the expression of proneural genes. The failure of Notch signaling causes all neural
progenitor cells to have high levels of proneural proteins and differentiate, while constitutive Notch
signaling has the opposite effect and suppresses neural differentiation (Lai 2004). Notch1, along with
its ligand Delta1 and two direct downstream targets Hes1 and Hes5, are expressed in the ventricular
zone of the developing central nervous system including the retina (Bao and Cepko 1997). Moreover,
the transition from uncommitted to lineage-restricted NPCs is coupled with the downregulation of
Notch pathway activity (Hatakeyama and Kageyama 2004).
By generating an allelic series of Sox2 to analyze the effects of graded reduction of SOX2, we
provide genetic evidence that difference in Sox2 expression levels within neural progenitor cells
modulates the level of Notch1 expression in retinal NPCs. Both Notch1 and its target Hes5 are
dramatically downregulated in the retinas of Sox2 hypomorphic mice and the decrease in Notch1 and
Hes5 expression is proportional to the level of SOX2.
Moreover, ablation of Notch1 within the retina gives a phenotype similar to that which we
describe for Sox2-null mice (i.e. loss of NPCs and loss of neuronal differentiation) (Austin, Feldman
et al. 1995; Ahmad, Dooley et al. 1997; Henrique, Hirsinger et al. 1997; Waid and McLoon 1998).
The absence of balance between lateral inhibitory signaling, by Notch1 and pro-neural gene products,
results in precocious differentiation of NPCs within the retina - a mechanism that may extend to other
CNS progenitors (Figure 4-1).
Also the retinal phenotype of Hes1-/- mutant mice is strikingly similar to the phenotype observed
in Sox2-hypomorphic mice, in that retinal NPCs aberrantly differentiate and abnormal ‘rosette-like’
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structures are present. The double mutants Hes1-/-;Hes5-/- show substantial alteration of the
extracellular adhesive properties of neuroepithelial cells that can contribute to the observed axonal
misguidance phenotype (Ishibashi, Moriyoshi et al. 1994; Takatsuka, Hatakeyama et al. 2004).

Advantages and limitations of the generated alleles
Availability of an allelic series of a gene allows extensive genetic manipulation of its function in
vivo. In this project in total five alleles of mouse Sox2 gene were generated. Three alleles, Sox2cond,
Sox2IR and Sox2lP were engineered using homologous recombination in embryonic stem cells and two
Sox2∆cond and Sox2IRdNeo were derived by CRE-mediated recombination. This brings the number of
available Sox2 alleles to fourteen (Figure 4-2).
Four of these Sox2 alleles are loss of function alleles, where the coding sequence of the gene is
completely deleted. Previously reported Sox2ßgeo (Avilion, Nicolis et al. 2003), Sox2EGFP (Ellis, Fagan
et al. 2004) and its derivative Sox2EGFPdNeo remove the same fragment of the Sox2 genomic sequence
and introduce reporter genes encoding ß-Galactosidase enzymes and EGFP respectively so that they
are expressed under control of the endogenous locus. Both reporters provide an important advantage
allowing easy identification of Sox2 expressing cells. The Sox2∆cond null allele was generated during
this project by deletion of the mRNA encoding sequence and minimal promoter region. Since this
allele doesn’t express any reporter gene it can be used in combination with different available EGFPand/or β-galactosidase-based reporter systems. However, the main advantage of Sox2∆cond allele is that
it can be generated in vivo or in vitro by CRE-mediated recombination from Sox2cond allele.
Sox2cond allele substantially increases the possibilities for genetic analysis of SOX2 function. In
homozygous null Sox2 mutants, depletion of SOX2 in ES cells prevents them from differentiating and
results in early embryonic lethality. The Cre-lox system overcomes the early lethality of the null
allele and allows us to examine the consequences of gene loss at later developmental stages and in
selected cell populations. Moreover, expression of Sox2 is detected in variable population of cells
ranging from the stem cells of blastocysts to neurons of brain cortex. There are several indications

175

that the mechanism of SOX2 function varies between the different types of progenitors. For example,
it has been demonstrated that transcriptional activation by the SOX2 protein requires the presence of a
second transcription factor of the homeodomain family and this partner varies from tissue to tissue:
interactions with OCT3/4 were detected in ES cells, with PAX6 in the lens and with Brn2 in the
spinal cord (Dailey, Yuan et al. 1994; Kondoh, Uchikawa et al. 2004; Tanaka, Kamachi et al. 2004;
Kuroda, Tada et al. 2005). Thus analysis of SOX2 function in different cell populations may uncover
different SOX2-dependent regulatory systems.
Several regulatory alleles of Sox2 gene have recently been described. Downregulation of Sox2
expression within inner ear was found in the Sox2Lcc allele. Another three regulatory alleles, Sox2Ysb
and Sox2∆ENHneo and its derivative Sox2∆ENH are hypomorphic alleles that provide substantially lower
level of expression, correspondingly in the inner ear and telencephalon. In principle, the tissue
specificity can be highly beneficial and avoid complicated defects outside of the tissue of interest.
However, no detailed analysis of gene expression from these alleles has been conducted outside the
region of interest. Therefore, though circling phenotype in Sox2Ysb homozygous or heterozygous null
mice is explained by inner ear defect, possible alterations in dopaminergic system were not addressed
and cannot be excluded. Similarly, expression of Sox2 in the inner ear was not analyzed in case of the
telencephalic enhancer deletion in Sox2∆ENHneo.
The two regulatory hypomorphic alleles generated during this project, Sox2IR and Sox2lP, provide
a global reduction of gene expression level in all structures (embryonic brain and eye) examined so
far and their design does not suggest tissue specificity. This leads towards a much more severe
phenotype then was observed for tissue specific hypomorphic alleles and suggests an important
function of Sox2 outside of the nervous system. Also, the Sox2IR and Sox2lP alleles allow evaluation of
differentiation of neural progenitor cells under two sequentially reduced levels of SOX2 in vivo.
Combining the hypomorphic Sox2lP allele and conditional null allele under the control of tissue
specific CRE a tissue specific hypomorphic effect can be generated. The function of the Sox2IR allele
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can potentially be restored in vivo by Cre mediated generation of Sox2IRdNeo allele that has been
demonstrated to support normal function, most likely by restoring the gene expression level.
The possibility of achieving global reduction of SOX2 function supported by Sox2IR and Sox2lP
alleles is of particular interest in relation to human SOX2-Anophthalmia syndrome that is most often
caused by mutations leading to haploinsufficiency. Since no morphological or developmental
abnormalities were observed in Sox2 heterozygote null mice it is likely that critical level of Sox2
expression is lower in mice then in humans and only hypomorphic null animals provide an
appropriate model for human disease.

Analysis of the generated Sox2 mouse mutants provides new information on the
human Sox2-anophthalmia syndrome
Humans with mutations in SOX2 display a spectrum of severe eye malformations ranging from
unilateral microphthalmia and coloboma to bilateral anophthalmia including aplasia of the optic
nerve, chiasm and optic tract. A detailed analysis of the cellular defects has been difficult in human
patients and assessment of disease progression and associated molecular pathways is complicated by
the early developmental onset of the defects. A viable approach to circumventing these problems is
generation of an animal model in which the very earliest phenotypic outcomes of aberrant SOX2
expression can be monitored and studied in the embryo.
Our analysis of an allelic series of S o x 2 mutations in a mouse model for
anophthalmia/microphthalmia has uncovered a critical relationship between gene dosage of Sox2 and
the severity of eye malformations. Microphthalmia and optic nerve hypoplasia was observed in αP0CRE;Sox2cond/cond animals, confirming the hypothesis that disruption of Sox2 function within the
neural retina contributes to the phenotype observed in SOX2-Anophthalmia syndrome. Compound
hypomorphic null mice (Sox2lP/EGFP, Sox2IR/EGFP) display a series of eye malformations and in most
severe cases both eyes fail to develop (bilateral anophthalmia). Moreover, we have demonstrated that
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the severity of eye malformation correlates with the defects in neural retina and are directly related to
the levels of SOX2 expression.
The hypomorphic null mice demonstrate a set of associated abnormalities. All of the Sox2lP/EGFP
and 60% of Sox2IR/EGFP mice die at birth while the surviving Sox2IR/EGFP pups demonstrate severe
growth retardation and distinctive behavioral defects. Analysis of etiology of these defects will be
beneficial both for characterization of SOX2 function and understanding possible or existing health
problems in humans with SOX2-Anophthalmia syndrome.
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Figure 4-1. Model for SOX2 function in early retinal neural progenitor cells.
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Figure 4-2. Summary of the currently available alleles of mouse Sox2 gene
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