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1. Introduction

1.1 Cortex development.

1.1.1 Early cortical development in mouse.
Development of the central nervous system (CNS) begins with the specification of a
group of cells of the presumptive ectoderm into the neural plate, which invaginates
under the influence of signals from the notochord to give rise to the neural tube. The
most rostral portion of this neural tube, telencephalon, is divided into two cerebral
cortices. The mammalian neocortex, the top layer of the cerebral hemispheres, is a
very complex structure consisting of six layers. This elaborate organization of the
neocortex appears in stages, with the sequential formation of the marginal zone (MZ),
intermediate zone (IZ) and subventricular zone (SVZ). After the generation of the
ventricular zone (VZ), the layer adjacent to the lateral ventricle, an additional
proliferative layer known as the subventricular zone (SVZ) forms above the VZ.
Progenitors residing in these two layers produce projection neurons of the different
neocortical layers
in a tightly controlled temporal order from embryonic day (E) 11.5 to E17.5 in mice
(Angevine and Sidman, 1961; Caviness et al., 1995; Rakic, 1974).The earliestgenerated cortical neurons, that appear around E10.5 in mice, migrate away from the
VZ to form the preplate, which subsequently splits into the marginal zone and the
subplate ( SP) (Allendoerfer and Shatz, 1994)
During the formation of the cortical plate, neurons in different layers are generated in
an orderly inside- first, outside-last fashion. The most superficial layers of the cortex
are populated by late born neurons with the exception of the Cajal-Retzius cells,
located in the marginal zone, that are the first ones to be generated. Early-born
cortical plate cells populate the deepest layers, and later generated neurons migrate
past older cells and settle into progressively more superficial positions (Luskin and
Shatz, 1985) The newly postmitotic neurons are specified to adopt the laminar
positions characteristic of their birthdays (McConnell, 1995) neurons that end up in
the same laminar position tend to share similar functional properties and patterns of
connectivity (O'Leary, 1993).
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Fig.1 Schematic diagram depicting how progenitors residing in the VZ and SVZ in mice produce
projection neurons in an ‘inside-out’ fashion. The earliest born neurons form the preplate (PP),
which is later split into the more superficial marginal zone (MZ) and the deeply located subplate (SP).
The cortical plate (CP), which will give rise to the multilayered neocortex, develops in between these
two layers, such that later born neurons arriving at the cortical plate migrate past earlier born neurons.
Different classes of projection neuron are born in overlapping temporal waves. All times listed are
approximations given the neurogenic gradients that exist across the cortex, where caudomedial
neurogenesis lags behind rostrolateral neurogenesis. CH, cortical hem; E, embryonic day; Ncx,
neocortex; IZ, intermediate zone; LGE, lateral ganglionic eminence; MGE, medial ganglionic
eminence; SVZ, subventricular zone; VZ, ventricular zone; WM, white matter. Modified, with
permission, from REF. 131© (2002) Elsevier Science. (Molyneaux et al., 2007)

There are three basic types of neurogenic progenitors within the developing
neocortex: neuroepithelial cells, radial glia and intermediate progenitors (Gotz and
Barde, 2005). A single sheet of pseudostratified neuroepithelial cells undergo
symmetric cell divisions in order to expand the pool of multipotent progenitors as
well as a smaller percentage of asymmetric cell divisions to generate the earliest born

8
neurons (Gotz and Barde, 2005; McConnell, 1995; Smart, 1973). After the onset of
cortical neurogenesis, neuroepithelial cells give rise to bipolar radial glial cells, the
progenitors of cortical neurons and astrocytes. In contrast, progenitors in the retina
and spinal cord mostly maintain neuroepithelial properties and to a lesser extent radial
glial properties during neurogenesis.
Radial glia cells have a crucial role in guiding neurons to their final locations in the
cortical plate owing to their long processes that extend from the ventricular wall to the
pial surface that serve as a migratory scaffold for young neurons (Rakic, 1972; Rakic,
2003). The nuclei of these cells move through these processes within the limits of the
ventricular zone limits (basal and ventral) during the cell cycle. During the M-phase
of the cell cycle, the soma reaches the most ventral part, whereas during the S-phase it
moves away from the ventral to the basal side of the ventricular zone. The radial glial
cells undergo two different types of mitotic divisions: Symmetric cellular divisions
creating two identical daughter cells which are both again radial glia cells, or, the
asymmetric cellular divisions creating one radial glia cell and one post-mitotic neuron
or neuronal progenitor cell of the subventricular zone. In the case of asymmetric
cellular divisions, the post-mitotic neurons, which do not have processes like radial
glia cells, start to move through the developing cortical tissue by climbing over the
latter. (Rakic, 2003; Weissman et al., 2003).
Intermediate or basal progenitors are another class of cortical progenitors located in
the SVZ and in the basal VZ. (Miyata et al., 2004; Noctor et al., 1992; Smart, 1973).
VZ progenitors divide asymmetrically to self-renew and produce rounded daughter
cells called the Intermediate progenitor cell (IPC). However, It has been shown that
cells located in the basal side of the VZ (the developing SVZ) undergo symmetric cell
divisions giving rise to two postmitotic neurons (Haubensak et al., 2004) the SVZ
thus contributes to the generation of upper-layer neurons. Multipolar IPCs also divide
symmetrically at a nonsurface position to produce two immature multipolar neurons
(Cai et al., 2002). These immature neurons migrate into the cortical plate (Noctor et
al., 2004) and differentiate into projection neurons. IPC’s appear to produce the
majority of

neurons during early neurogenesis when deep layers are generated

(Haubensak et al., 2004) Basal progenitors or IPCs express markers like
subventricular tag1 (Svet1), T-domain transcription factor (TF; Tbr2), and the
homeobox proteins Cux1 and Cux2 (Englund et al., 2005; Nieto et al., 2004;
Tarabykin et al., 2001; Zimmer et al., 2004)
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Time-lapse microscopy revealed that a progenitor can continue to divide in vitro and
produce neurons that express laminar markers after the same number of cell divisions
as their in vivo counterparts, suggesting that the temporal sequence of the genetic
program required to produce a given subtype of projection neuron is at least partially
intrinsic to progenitors (Shen et al., 2006). However, experiments involving
transplantation of early progenitors into later environments has shown that
extracellular signals can alter this programme as long as their influence occurs before
the S phase of the cell cycle (McConnell and Kaznowski, 1991; Nguyen et al., 2006).

1.1.2 Cortical neurons.
There are two broad classes of cortical neurons: interneurons, which make local
connections; and projection neurons, which extend axons to distant intracortical,
subcortical and subcerebral targets. Projection neurons are glutamatergic neurons
characterized by a typical pyramidal morphology that transmit information between
different regions of the neocortex and to other regions of the brain. GABA (γaminobutyric acid) containing interneurons are generated primarily from progenitors
in the ventral telencephalon while the Cajal-Retzius cells and the MZ are produced by
cortical hem and the pallial-subpalial boundary. Both of these cell types migrate long
distances to their final locations within the neocortex. Early in development, the
presumptive forebrain is subdivided into two separate domains: the ventral
telencephalon, and the dorsal telencephalon which eventually develops into the
cerebral cortex, responsible for cognitive function, sensory perception and
consciousness. The ventral telencephalon is formed by two distinct proliferating cell
masses: medial ganglionic eminence and lateral ganglionic eminence (MGE and
LGE), where most inhibitory interneurons and a large population of oligodedrocytes
originate. These interneurons and oligodendrocytes enter the developing cortical plate
by tangential migration. In contrast, projection neurons of the developing cerebral
cortex are generated from progenitors of the neocortical germinal zone located in the
dorsolateral wall of the telencephalon and subsequently migrate radially to the
developing cortical plate (Marin et al., 2003; Nadarajah et al., 2003). However, a
subpopulation of cortical projection neurons, derived from Emx1+ cortical
progenitors, migrate tangentially over long distances. These neurons express upper
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layer cortical marker Satb2 and not GABA or oligodendrocyte marker Olig1
(Britanova et al., 2005).

1.1.3. Axonal connectivity.
In the mammalian cerebral cortex, projection neurons comprise of three broad classes.
First, are the commissural projection neurons, that project across and within the
telencephalon but never outside. This group includes callosal projection neurons,
which extend axons across the corpus callosum to the contralateral hemisphere.
Corticofugal neurons (CFN) are the second type of projection neurons. They send
their axons away from the cortex forming connections with subcortical targets,
including the thalamus, midbrain, hindbrain, and spinal cord (McConnell, 1995;
Molyneaux et al., 2007). There are two different kinds of CFNs, corticothalamic
neurons (CTN) that project subcortically to different nuclei of the thalamus and,
subcerebral projection neurons. The latter include pyramidal neurons located in layer
V that extend projections to the brainstem and spinal cord. These can be further
subdivided into:1) corticotectal neurons, located in the visual area of the cortex and
responsible for primary projections to the superior colliculus with secondary collateral
projections to the rostral pons; 2) corticopontine neurons that maintain primary
projections to the pons and finally, 3) corticospinal motor neurons (CSMNs), located
in the sensorimotor area of the cortex, that responsible for primary projections to the
spinal cord, with secondary collaterals to the striatum, red nucleus, caudal pons and
medulla.
CSMNs are located primarily in cortical layers 5 and 6. While neurons of layer 6
project to the thalamus, projections to the midbrain, hindbrain, and spinal cord
originate from layer 5 neurons. Cortical and callosal projections are found in all layers
but are particularly abundant in layers 2 through 4 (O'Leary, 1993). Also, neurons
generated at the same time can project differently, for example different
subpopulations of layer 5 neurons that form callosal versus subcortical projections.
They migrate and differentiate in parallel, but their axonal trajectories diverge,
extending toward the midline and internal capsule, respectively (Koester and O'Leary,
1993; O'Leary et al., 1994). Transplantation studies suggest that a neuron acquires a
laminar identity, which specifies the layer to which it will migrate, by the time of
terminal mitotic division (Desai and McConnell, 2000; McConnell, 1995).
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1.1.4 Laminar specification in the cerebral cortex.
Several genes, Pax6, Emx2, Lhx2 and Foxg1, have been found to be involved in the
initial specification of neocortical cell fate, controlling the early aspects of cortical
progenitor specification (Mallamaci and Stoykova, 2006). These four genes establish
neocortical progenitor domain by repressing dorsal midline (Lhx2 and Foxg1) and
ventral (Emx2 and Pax6) fates.
Other genes, Tbr1, Fezf2, and Ctip2 are involved in postmitotic specification of DL
neurons. Tbr1 is expressed by multiple types of cortical neurons and regulates the
differentiation of layer 6 and subplate. Its absence produces abnormalities in
projection neuron migration and defects in axonal growth of subplate,
corticothalamic, subcerebral and cortico-cortical projection neurons (Hevner et al.,
2001). Fez family zinc finger 2 (Fezf2, also known as Fezl) and Otx1 are expressed in
a subpopulations of progenitors in the VZ and SVZ prior to genesis and layers V and
VI, subsequently in early posmitotic and differentiated neurons of the same layers. Bcell leukaemia/ lymphoma 11B (Ctip2, also known as Bcl11b) is expressed at high
levels in subcerebral neurons of layer V and at much lower levels in corticothalamic
neurons of layer VI (Arlotta et al., 2005).
The identity of genes controlling the postmitotic specification of UL neurons remains
unknown. A reduction in UL neuron production can be seen after the deletion of
transcription factors Pax6 or Tlx, and in the double knockout of Brn1 and Brn2
(McEvilly et al., 2002; Roy et al., 2004; Sugitani et al., 2002; Tarabykin et al., 2001).
Pax6 is expressed in the mitotically active ventricular zone and has previously been
shown to control specification, regionalization and arealization of the cerebral cortex
(Walther and Gruss, 1991). Brn1 (also known as Pou3f3) and Brn2 (Pou3f2), which
are expressed primarily by neurons of layers II–V, are involved in directing the
differentiation and migration of neurons within these layers.
Cux1 (Cutl1) and Cux2 (Cutl2), cut domain transcription factors are expressed by
young UL neurons during the initial steps of their specification and continue to be
expressed postmigration in all UL neurons, Satb2 is expressed only in a subgroup of
UL cells (Britanova et al., 2005; Britanova et al., 2006a; Nieto et al., 2004; Zimmer et
al., 2004).The pattern of Satb2 expression, predominantly in young UL neurons but
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not in SVZ progenitors, suggests that it may be involved in the control of early
aspects of UL neuron specification (Britanova et al., 2005).
Transcription factors function by regulating chromatin accessibility via recruitment of
histone-modifying enzymes or nucleosome-remodeling complexes and stimulation of
RNA polymerase via interaction with the mediator complex (Freiman and Tjian,
2003; Zhang and Reinberg, 2001). Enhancers, promoters and nuclear matrix
attachment regions (MARs) have been implicated in the regulation of gene expression
by altering the organization of eukaryotic chromosomes and augmenting the potential
of enhancers to act over large distances (Bode et al., 2000; Scheuermann and Garrard,
1999). The association of MARs with the nuclear matrix serves to structurally define
the borders of chromatin domains and participate in the regulation of transcription.
Satb1 and Satb2 are a family of transcription factors with the ability to bind MARs.

1.2 Special AT-rich binding protein 1 (Satb1): The beginning of the story.
The nuclear matrix or skeleton, defined as the insoluble material left in the nucleus
after a series of biochemical extraction steps (Nelson et al., 1986), is the intranuclear
frame where the independent loop domains of eukaryotic chromosomes seems to be
periodically anchored. Matrix attachment regions (MARs) are specific DNA
sequences that form the base of chromosomal loops and can bind to the nuclear
matrix in vitro (Earnshaw, 1988; Gasser and Laemmli, 1987) . MARs are often
located in close proximity to regulatory sequences including enhancers (Cockerill and
Garrard, 1986; Gasser and Laemmli, 1987; Jarman and Higgs, 1988; Klehr et al.,
1991; Mielke et al., 1990; Poljak et al., 1994), and some MARs can increase
transcription from certain promoters (Bode et al., 1992; Dietz et al., 1994; Klehr et al.,
1991; Mielke et al., 1990) suggesting that MARs may play a role in tissue-specific
gene expression.
Satb1 is a transcription factor that was originally cloned by virtue of its ability to bind
to a core unwinding element, a MAR, located in the immunoglobulin μ heavy chain
(IgH) gene enhancer (Dickinson et al., 1992). Satb1 can mediate the attachment of
chromatin to the nuclear matrix, thereby folding chromatin into topologically
independent loop domains in order to form higher order chromatin structure
(Cockerill and Garrard, 1986; Dickinson et al., 1992; Gasser and Laemmli, 1987).
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Satb1 was the first cell-type-restricted MAR-binding protein to be identified and is
expressed in a lineage-specific manner, primarily in T-cells and other tissue-specific
precursors in testis, fetal brain, and osteoblasts (Alvarez et al., 2000; Dickinson et al.,
1992; Hawkins et al., 2001) Satb1 recognizes double-stranded DNA characterized by
a unique group of AT-rich sequences. Such regions are usually 100–150 bp in length
and contain a high degree of base-unpairing, which is characterized by the present of
several base-unpairing regions (BURs) This specialized DNA context (an ATC
sequence context) where Gs and Cs are located only in one strand gives Satb1 the
property of unwinding

by base unpairing under negative superhelical strain

(Dickinson et al., 1992; Kohwi-Shigematsu and Kohwi, 1992; Leonard et al., 1984)
Satb1 also contains an atypical homeodomain and two cut domains. The Satb1
homeodomain is unique among other homeodomains since, in the highly conserved
aminoacid position 49, tryptophan is replaced by phenylalanine. This homeodomain
together with the BUR-binding domain is necessary for recognition of the core
unwinding element within a BUR. The isolated homodomain exhibits only very weak
nonspecific

binding

activity

to

base-unpairing

sequences,

similar

to

the

homeodomains of the POU transcription factors. POU proteins are eukaryotic
transcription factors containing a bipartite DNA binding domain referred to as the
POU domain. The acronym POU is derived from the names of three mammalian
transcription factors, the pituitary-specific Pit-1, the octamer-binding proteins Oct-1
and Oct-2, and the neural Unc-86. The homeodomain in these transcription factors
cannot bind independently or bind with low affinity and relaxed specificity
(Rosenfeld, 1991). In case of POU transcription factors, both the POU domains and
the homeodomains are equally necessary for high affinity binding, and together they
form a bipartite binding domain (Sturm et al., 1988). Similarly, association of Satb1
homeodomain with the MAR-binding domain enhances binding specificity toward the
core unwinding element of a MAR. Also, when the core unwinding element of a BUR
is mutated to abolish its unwinding property, Satb1 binding is eliminated (Dickinson
et al., 1992; Nakagomi et al., 1994; Wang et al., 1995).
The fact that Satb1 contains Cut-like repeats and a homeodomain, suggests structural
similarity to the Cut proteins identified from various species (Andres et al., 1992;
Blochlinger et al., 1988; Neufeld et al., 1992; Valarche et al., 1993). However, the
Satb1 homeodomain shares more homology with other homeodomains like engrailed
(33% identity) than with Cut proteins (26% identity). Furthermore, Cut repeats were
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shown to be specific DNA-binding domains (Andres et al., 1992; Harada et al., 1994)
whereas the Cut-like repeats in Satb1 did not appear to bind Satb1-binding DNA
sequences.
The other important region is the N-terminal PDZ-like domain, a putative region for
facilitating interactions with other proteins, it also assist in the formation of Satb1
homodimer and is essential for DNA binding (Galande et al., 2001).

FIG. 2. Satb1 contains a homeodomain and Cut-like repeats in addition to its MAR binding
domain. A, schematic representation of the overall structure of Satb1, indicating the positions of the
MAR-binding domain including the amino acids at each end that are essential for MAR binding
(shown in black), the homeodomain, the two Cut-like repeats, and the previously identified repeats box
I and box II. B, alignment of the homeodomain in Satb1 with representative members of the different
classes of homeodomain-containing proteins, defined by Scott et al.(Scott et al., 1989) (Single letter
amino acid code). Identical amino acids between Satb1 and other homeodomains are shown in closed
boxes; open boxes indicate similar amino acids or residues in Satb1 that are identical to only one or two
other members. A consensus sequence derived from the alignment is given at the bottom. The positions
of the three helical regions are indicated. Dots represent residues important for structure; diamonds
indicate amino acids contacting DNA, as derived from the crystal structure of the engrailed
homeodomain-DNA complex (Kissinger et al., 1990). C, alignment of the Cut-like repeats A and B in
Satb1 with the Cut proteins from Drosophila melanogaster (CUT I–III) and the mammalian Clox
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proteins (CLOX I–III). Box I and box II in Satb1 are underlined. Identical and similar amino acids are
shown in closed or open boxes, respectively. Amino acids indicated by dots are identical or conserved
in both Satb1 repeats (adapted from Dickinson et al., 1992).

Satb1 forms a functional nuclear architecture that has a ‘cage-like’ protein distribution
in thymocytes surrounding heterochromatin and demarcating it from euchromatin
(Cai et al., 2003). This is called, the ‘Satb1 regulatory network’, and it pertains to the
fact that Satb1 regulates distant gene expression (Alvarez et al., 2000; Cai et al., 2003;
Dickinson

et

al.,

1992;

Yasui

et

al.,

2002)

by

recruiting

chromatin

remodelling/modifying enzymes and transcription factors to genomic DNA, which it
tethers via BURs (Bode et al., 1992; Kohwi-Shigematsu et al., 1998; KohwiShigematsu and Kohwi, 1990).
Satb1 can act as a transcriptional repressor (Kohwi-Shigematsu et al., 1997; Liu et al.,
1997) by binding to MARs at multiple sites where chromatin is fastened to form loop
domains and dictating the organization and structure of chromatin domains. Thereby,
Satb1 can control the transcription potential of multiple genes in specific cell lineages,
a property that can be critical during development. Satb1 can also regulate gene
expression in other ways, for instance, in case of globin gene where it directly
influences the promoter activity by interacting with CBP (Wen et al., 2005), or in case
of regulation of IL-2 and IL-2Ra expression by recruiting HDAC1 (Kumar et al.,
2005).
Satb1 can be expressed in breast cancer cells and where it coordinates the expression
of a large number of genes to induce metastasis. Satb1 seems to play a key role in
breast cancer progression since the removal of Satb1 from aggressive breast cancer
cells not only reverses metastatic phenotypes but also inhibits tumor growth. (Han et
al., 2008)

1.3 Special AT-rich binding protein 2 (Satb2)
Satb2, a close homologue of Satb1 (61% homology to Satb1 at amino acid level), was
identified in a cDNA subtraction screening in a search for genes controlling neural
differentiation. Expression of Satb1 and Satb2 was detected in different
subpopulations of developing mouse CNS in a mutually exclusive manner. In the
developing neocortex, Satb2 expression is largely confined to subsets of postmitotic
cells in the superficial layers that extend axons across the corpus callosum. In the
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developing spinal cord Satb2 expression marks a subpopulation of Lbx1-positive
neurons dorsally and a subgroup of Isl1-positive neurons ventrally.
Similar to Satb1, Satb2 was found in a nuclear protein complex that can bind to
MARs with high affinity in the developing neocortex, but not basal ganglia, this
suggest that Satb2 may be involved in regulating differentiation of neurons at the
level of higher order chromatin structure, via binding to MARs (Britanova et al.,
2006a; Dobreva et al., 2003).
Satb2 is a target for SUMOylation, a reversible modification of the protein that
modulates its activity as a transcription factor. The small ubiquitin related modifier
(SUMO) modifies several lysine residues, which makes Satb2 differs from Satb1.
These modifications are augmented specifically by the SUMO E3 ligase PIAS1.
Mutations of the SUMO conjugation sites of Satb2 enhance its activation potential
and association with endogenous MARs in vivo, whereas N-terminal fusions with
SUMO1 or SUMO3 decrease Satb2-mediated gene activation. This sumoylation
targeting Satb2 to the nuclear periphery may contribute to the modulation of
subnuclear DNA localization (Dobreva et al., 2003).
In the nucleus, regulation of gene expression involves a temporally coordinated
interaction between cis-regulatory DNA elements and nuclear proteins that are
expressed in a developmental and cell-specific manner (Agoston and Dobi, 2000;
Jaenisch and Bird, 2003). Satb2 specifically interacts with, histonedeacetylase
(HDAC) 1 and metastasis-associated protein (MTA) 2, members of the nucleosome
remodelling and HDAC (NuRD) complex (Gyorgy et al., 2008). The AT-rich DNAdependent repressor function of Satb2 can be reversed by the treatment of trichostatin
A (TSA), that blocks histone acetylations (Dobreva et al., 2003; Gyorgy et al., 2008).
Satb2 was also identified as a candidate gene responsible for craniofacial
dysmorphologies associated with deletions and translocations at 2q32-q33 in humans,
one of only three regions of the genome for which haploinsufficiency has been
significantly associated with isolated cleft palate (FitzPatrick et al., 2003). Full
functional loss of Satb2, and also haploinsufficiency, phenocopy these craniofacial
abnormalities in mice. There is also increased apoptosis in the discrete,
complementary regions of the developing jaw primordia where Satb2 is expressed and
the subsequent arrest of regional development, changes in the pattern of expression of
three genes implicated in the regulation of craniofacial development in humans and
mice: Pax9, Alx4, and Msx1 is seen (Beverdam et al., 2001; Britanova et al., 2006b;
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Gyorgy et al., 2008; Jezewski et al., 2003; Park et al., 2006; Peters et al., 1998;
Satokata and Maas, 1994; Schuffenhauer et al., 1999; van den Boogaard et al., 2000).
Coupled with its spatiotemporal expression profile, this marks Satb2 as a potentially
key gene coordinating the elaboration of the functional design of jaws, including that
of the mammalian palate.
Satb2 is expressed also in cells of the osteoblast lineage, playing an important role in
osteoblast differentiation, and moreover in vertebrate skeletogenesis. Satb2 not only
positively regulates expression of multiple osteoblast-specific genes, it also repress
the expression of several Hox genes including Hoxa2, an inhibitor of bone formation
and regulator of branchial arch patterning. Furthermore, Satb2 directly interacts with
and enhances the activity of several transcription factors involved in osteoblast
differentiation (Britanova et al., 2006b; Dobreva et al., 2006). Examples include
Runx2, a gene required for early and late stages of osteoblast differentiation and
ATF4, a factor that regulates terminal differentiation and function of osteoblasts
including the synthesis of the most abundant bone extracellular matrix protein, Type I
collagen (Nakashima et al., 2002; Yang and Karsenty, 2004).

1.4 Coup TF interaction protein 2 (CTIP2)
Ctip2 (Bcl11b, Rit-1b) and the highly related Ctip1 (Bcl11a, Evi9) are the two
members of a family of transcription factors that were found to interact directly with
chicken ovalbumin upstream promoter transcription factor (COUP-TF) family
members (Avram et al., 2000) They have been demonstrated to modulate transcription
by at least two mechanisms, both of which are independent of trichostatin A-sensitive
histone deacetylation independent (Avram et al., 2000; Senawong et al., 2003). Ctips
may either be recruited to the template by a COUP-TF family member or bind
directly in a sequence specific manner to a motif that is related to the canonical GC
box (Avram et al., 2002).
Ctip2 and Ctip1 mediated transcriptional repression may involve the action of NAD+dependent, TSA-insensitive histone deacetylase known as sirtuin 1 (SIRT1).
The NuRD complex is considered to play a key role in transcriptional repression
mediated by sequence-specific transcription factors (Hong et al., 2005; Kehle et al.,
1998; Luo et al., 2000; Murawsky et al., 2001; Sasaki et al., 2008). It harbors ATP-
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dependent, nucleosome remodeling and histone deacetylase activities, and consists of
several subunits, including RbAp46, RbAp48,HDAC1, HDAC2, MTA1, MTA2,
MTA3, MBD3, and Mi-2 (Fujita et al., 2004; Xue et al., 1998; Yao and Yang, 2003;
Zhang et al., 1999). Ctip2-mediated transcriptional repression seems to need the
recruitment of the NuRD complex to the template of a subset of genes, and in a
neuron-like context.
Ctip2 (COUPTF1-interacting protein 2) is a transcription factor expressed at a high
level in the central nervous system (CNS) of pre- and postnatal mouse brain. It is
expressed specifically in developing cerebral cortex, including layer V neurons of the
cortical plate, striatum, olfactory bulb, hippocampus, limbic system, basal ganglia,
and intermediate region of the spinal cord (Arlotta et al., 2005; Chen et al., 2005a;
Leid et al., 2004). Ctip2 transcripts have been detected in mouse embryo at 10–
12.5(Avram et al., 2000).
Within the striatum, it is specifically expressed by GABAergic medium-sized spiny
neurons (MSN). It specifically labels this critical neuronal population at early
postmitotic stages, this can be concluded from the earliest detection of Ctip2
expression in Doublecortin-expressing immature neurons at the interface between
SVZ and mantle zone (Leid et al., 2004). It plays critical lineage-specific roles in the
development of corticospinal motor neurons (CSMNs), axon extension and
pathfinding of subcerebral projection neurons, differentiation of MSN (Arlotta et al.,
2005). Loss of Ctip2 function results in a failure of MSN differentiation of both patch
and matrix compartments, and leads to changes in expression of several known and
novel striatal genes involved in cellular repulsion. Lack of Ctip2 also leads to a
disruption of the patch-matrix organization of MSN since afferent dopaminergic
innervation are repelled from distinct areas within the mutant striatum and defects in
patch aggregation prevent them from targeting striatal patches.
In the neocortex, Ctip2 is expressed at high levels in postmitotic neurons in the
cortical plate and not in progenitors of the VZ/SVZ (Arlotta et al., 2005). Ctip2-null
mice exhibit defective axonal projections of CSMNs, consistent with the fact that
within the cortex, expression of Ctip2 is restricted to MSN (the striatal output
projection neurons) with lineage-restricted high-level expression in corticospinal and
cortico-brainstem projection neurons.
Ctip2 controls lineage-restricted pathways of gene regulation in specific projection
neuron populations of the brain. It is likely to act downstream of genes involved in
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specification and differentiation of medium spiny neurons and those specifying
ventral telencephalic identity of progenitors in the VZ and/or SVZ, such as Gsh2,
Dlx1/2, Mash1, and Islet1 (Casarosa et al., 1999; Coussens et al., 2008; Stenman et
al., 2003; Yun et al., 2003). These genes are expressed much earlier in the progenitors
that give rise to MSN, whereas Ctip2 expression is first detected in migrating MSN.

1.4 Eph receptor /ephrin signalling: guiding the axons.
Neurons are often located far away from their synaptic target cells. Neuronal
connections are established via extensions of long axons that contain sensing devices
on their tips (growth cones). In order to find the right pathway these growth cones
sense and interact with axon guidance molecules within the environment that they are
growing through. The interaction of the axon guidance ligands with their receptors,
directly or indirectly regulate many different types of actin-associated proteins as well
as the structure and dynamics of the actin-cytoskeleton of the growing axon in order
to cause attraction, repulsion or collapse (Chilton, 2006; Dent and Gertler, 2003;
Plachez and Richards, 2005).
During development, the connections between neurons of two distant regions are
established using ‘pioneering axons’, intermediate targets of axon pathfinding and
‘Glial Guidepost’ cells (Chilton, 2006; Plachez and Richards, 2005). First, a small set
of ‘pioneering axons’ create a ‘path’ which will later guide the main set of axons. In
the neocortex, subplate neurons have been shown to serve as pioneering axons for
thalamocortical and corticothalamic axons (De Carlos and O'Leary, 1992; Ghosh et
al., 2007). Also during establishment of the medial cortical projection, the first axons
that cross the rostral cortical midline are derived from neurons in the cingulate cortex.
They are then followed by neocortical axons, which mainly grow within the tract of
pioneering cingulate cortex axons, and possibly fasciculate with them (Rash and
Richards, 2001). Guidepost glial cells secrete guidance cues and also express cellular
cues on their surface that guide axonal outgrowth during the development of spinal
cord, the ventral roots, the optic nerve, the auditory system, and the corpus callosum.
During embryonic development of CNS, these cells are vital in defining boundaries
between different brain areas or between functional subdomains within the same area.
These glial boundaries act in order to prevent axons from straying from their correct
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elongation path (Chilton, 2006; Plachez and Richards, 2005).
There are several groups of guidance molecules: Slits, Semaphorins, Ephrins, and
Netrins and a number of other molecules, like morphogens, steroids, extracellular
matrix proteins and cellular adhesion molecules (Chilton, 2006; Plachez and
Richards, 2005).
Eph receptors (erythropoietin-producing human hepatocellular carcinoma) in concert
with ephrin ligands (Eph family receptor interacting proteins), comprise the largest
family of vertebrate receptor tyrosine kinases. Eph receptors have been divided on the
basis of sequence similarity and ligand affinity into two subclasses:

EphA (8

members) and EphB (6 members) (Gale et al., 1996). Ephrin ligands have also been
divided into two subclasses: GPI-linked ephrin As (5 members) and transmembrane
ephrin B (3 members). Ephrin A ligands preferentially bind to EphA receptors, while
ephrin B ligands bind preferentially to EphB receptors, although other combinations
have also been observed (Heroult et al., 2006). Ephs and ephrins form a cell-cell
communication system capable of bi-directional signaling, where the eph receptor
mediated signaling is designated as “forward” and ephrin signaling is considered
“reverse” (Fig.3; (Heroult et al., 2006; Kullander and Klein, 2002).

Fig. 3. Bi-directional signalling in the Eph receptor/ephrin communication system.
(Campbell and Robbins, 2008)
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This system directs the positioning, adhesion and migration of cells and cell layers
during development by providing graded molecular tags which translate the density of
their cognate partner on opposing membranes into precisely graded cellular responses,
resulting in cell contact-repulsion or cell-cell adhesion (Wimmer-Kleikamp and
Lackmann, 2005).
Gradients of ephrin/Eph genes were proposed to control several aspects of
thalamocortical (TC) mapping (Britanova et al., 2008; Lee et al., 2007;
Mackarehtschian et al., 1999; Prakash et al., 2000; Vanderhaeghen et al., 2000).
Eph receptors in the thalamus and ephrins in the cortex control intraareal topographic
mapping of thalamocortical (TC) axons.In particular, ephrin-A5 and its receptor
EphA4 that are expressed in complementary gradients in the rodent primary
somatosensory cortex (S1) and in the primary somatosensory thalamus are required
for the topographic mapping of TC axons within the somatosensory area (Prakash et
al., 2000; Vanderhaeghen et al., 2000). And the same ephrin/Eph genes unexpectedly
control the inter-areal specificity of TC projections through the early topographic
sorting of TC axons in an intermediate target, the ventral telencephalon.
The Eph receptor/ephrin system has classically been demonstrated to play a role in
development but also seems to be implicated in immune regulation (Wu and Luo,
2005), as well as in CNS injury and disease (Goldshmit et al., 2006). It also plays a
role in several biological processes. Emerging evidence has revealed differential
expression of Ephs and ephrins in numerous form of cancer, suggesting a role in
invasive behaviour or methastasis.
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2. Materials and Methods
2.1 Molecular biology procedures
2.1.1 Mouse genotyping

2.1.1.1 DNA Isolation
Tail or yolk sac (from young mice or embryo’s respectively) was incubated in 0.5ml
PK- lysis buffer (100mM Tris- HCl pH8.5, 5mM EDTA, 200mM NaCl, 0.2% SDS,
100μg/ml Proteinase K), shaking at 55ºC overnight. After a 10 min centrifugation at
13,000 rpm, the DNA in the supernatant was precipitated by the addition of
isopropanol to a final concentration of 50%. Genomic DNA was collected by
centrifugation, washed twice in 80% ethanol and resuspended in water at 40ºC for 1
hr.

2.1.1.2 Polymerase chain reaction (PCR)
All PCR reactions were carried out in an end volume of 20μl that contained:
10x Buffer (Genecraft) 2μl
10mM dNTPs (Invitrogen) 0.4μl (20pmol/ml)
Primer1/Primer2 (IBA) 0.8μl (40pmol/ml) each
TAQ polymerase (Genecraft) 0.4μl (0.5 units)
Template DNA 1μl
dH2O 13μl
To detect wt and Satb2 ko alleles(Britanova et al., 2006b), mice were genotyped using
specific primers (94ºC 10sec, 55ºC 30sec, 72ºC 40sec; 30 cycles);
A primer against RCb
5’- CAAGAGAGCCATCCAACTGC- 3’
a reverse primer that recognizes Cre
5’- CCAGACCGCGCGCCTGAAGA- 3’
and a primer against Avr:
5’- AACCATCAGGCTCAACC3’
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were used.
In wt mice, the PCR generated a fragment of ~400 bp whereas mutant alleles
generated a fragment of ~200 bp.
To identify Cre recombinase gene, a 500 bp fragment was amplified (94ºC 10sec,
55ºC 30sec, 72ºC 40sec; 30 cycles) using the following primers:
5’-TCGATGCAACGAGTGATGAG- 3’ (forward)
5’-TTCGGCTATACGTAACAGGG-3’ (reverse).
To identify wt and ROSB knock in mice, genotyping was done using the following
primers (Soriano, 1999) (95°C 3 min, 56°C 30sec, 72°C 45sec; 95°C 30 sec 39
cycles 56°C 60sec, 72°C 10 min 4°C pause):
5’ -AAAGTCGCT CTGAGTTGTTAT- 3’
5’ -GCGAAGAGTTTGTCCTCAACC- 3’
5’-GGAGCGGGAGAAATGGATATG -3’
To genotype A11 transgenic line , GFP fragment was amplified (94ºC 10sec, 55ºC
30sec, 72ºC 40sec; 30 cycles) using the following primers:
5’-TCGATGCAACGAGTGATGAG- 3’ (forward)
5’-TTCGGCTATACGTAACAGGG- 3’ (reverse).
To identify CTIP2 gene, a 500 bp fragment was amplified (94ºC 10sec, 55ºC 30sec,
72ºC 40sec; 30 cycles) using the following primers:
5’-TCGATGCAACGAGTGATGAG- 3’ (forward)
5’-TTCGGCTATACGTAACAGGG- 3’ (reverse).
5. -5713 to -5441 bp upstream (272 bp fragment)
5’-TGCTAAGGTGTTAACAGGCC- 3’ (forward)
5’ -CTGGCACTGGGATTACAAATG- 3’ (reverse);
PCR conditions were as follows: 2min at 94 ºC followed by 34 cycles of 30sec at 94
°C, 30sec at 60 °C, 30sec at 72 ºC.
All PCR products were separated by 1.5% agarose gel electrophoresis at 5V/cm
(chamber length). Agarose gels were prepared in TAE buffer (40mMTris- acetate,
1mMEDTA, pH 8) containing 0.5μg/ml ethidium bromide (Fulka) and visualized
under ultra violet light. DNA was loaded using OrangeG buffer, and 100 bp or 1kb
plus DNA markers (Invitrogen) were used at a concentration of 50ng/μl.
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2.1.1.3 Gel electrophoresis
DNA fragments amplified by PCR were separated by agarose gel electrophoresis at
~5V/cm (chamber length). The 1-2% agarose (Gibco) gels were prepared in TAE
buffer (40mM Tris-acetate, 1mM EDTA, pH8) containing 0.5 μg/ml ethidium
bromide (Fluka), which allowed for the proper visualization of DNA under ultraviolet
light. OrangeG (Sigma) was used as loading buffer and 100bp and 1kb-DNA markers
(Invitrogen) were used at a concentration of 50ng/μl.

2.1.2 Transformation
Amplification of the desired cDNA plasmid was carried out using competent cells
(DH5α- E. Coli). An aliquot (about 20μl) of E.Coli was defrosted on ice for 30 mins.
Plasmid of interest (1 μl) was added to the bacterial cells and incubated on ice for 10
mins. Cells were transformed by heat shock (42ºC., 30 sec) and placed on ice for 5
mins. They were then incubated in LB medium for 1hr with slight agitation and
finally plated on selective LB- agar plates containing appropriate antibiotics
(penicillin 100mg/ml). Such plates were incubated at 37ºC overnight for the growth of
individual colonies.

2.1.3 Plasmid isolation (mini prep)
Individual colonies developed on agar plates were inoculated in 3 ml LB medium
containing appropriate antibiotics for 10- 16 hrs at 37ºC, 220rpm. The bacterial pellet
was obtained by centrifugation (10 mins, 3000rpm). Plasmid isolation was performed
using a Macherey- Nagel NucleoSpin™ plasmid Kit, according to the manufacturer’s
specifications.

2.1.4 Plasmid linearization and purification
Purified plasmids were linearized using specific restriction enzymes (New England
biolabs), according to the orientation of the cDNA fragment and the characteristics of
the vector. Plasmid DNA was diluted in dH2O to a concentration of 50ng/μl and the
following components were added: 1:10 of 10x Buffer, 1-5μl/ml of restriction enzyme
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and 1:100 of 100x BSA (if required). Reactions were normally at 37ºC for few hours
or even overnight until complete restriction, as verified by gel electrophoresis.
To purify DNA from proteins, an equal volume of Tris-saturated phenolchloroform/isoamyl alcohol pH8 (Invitrogen) was added to the complete reaction
mixture. This mixture was then vortexed gently and centrifuged (10 min, 13000rpm).
The upper aqueous phase was transferred to a new tube and 0.1 volume of 3M sodium
acetate (pH5.5) was added. After vortexing, DNA was precipitated with 3 volumes of
100% ethanol for 1 hr at -20°C, washed twice in 70%ethanol and resuspended in H2O
to a final concentration of 0.1- 1μg/μl.

2.1.5 Chromatin Immunoprecipitation (ChIP) Assay
Mouse embryonic cortex (P0) was used as a tissue source of chromatin. Cortex tissues
were homogenized in 1x phosphate-buffered saline (10ml for 10-14 hemispheres of
cortex tissue) with protease inhibitors (Roche Applied Science). Proteins were crosslinked in 1% formaldehyde for 10 min at 37ºC in a water bath incubator. Crosslinking was terminated with three washes in 1x phosphate-buffered saline. Samples
were then processed using a ChIP assay kit, essentially as described by the
manufacturer (Upstate biotechnology, Lake Placid, NY). In brief, the cells were lysed
in SDS lysis buffer with protease inhibitors, then sonicated using a waterbath
sonicator, super RK 103H from Schött labortechnik (Goettingen, Germany) to shear
DNA to fragments with a length of 100–1000 bp. To reduce nonspecific background,
the cell lysates were precleared by incubation with salmon sperm DNA/protein Aagarose slurry. The agarose beads were pretreated with 2% BSA before the
preclearing step as suggested by the company. Supernatants from the preclearing step
were incubated with (1: 500) rabbit anti-Satb1 polyclonal IgG (Lab) and (1: 1000)
rabbit anti-Satb2 polyclonal IgG (Lab), at 4ºC overnight. Cortex from Satb2 Cre/Cre and
Satb2

Cre/Satb1

mutant mice were used. Chromatin-antibody complexes were

precipitated by incubation with Protein A-agarose beads. Chromatin was eluted from
the beads after washes in several buffers provided with the kit. The DNA-protein
cross-links in all samples were reversed by incubation for 4 h at 65 ºC followed by
incubation with proteinase K for 1 h at 45 ºC. DNA was isolated by
phenol/chloroform extraction and ethanol precipitation. PCR was performed with
different set of primers.
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2.1.6 Ex vivo electroporation experiments
For over-expression experiments, the vector pCAG-Satb2 was constructed by cloning
the full-length mouse Satb2 cDNA (BC098136) into the EcoRI site of pCAGEN. The
ability of this vector to express Satb2 protein was confirmed both in vitro and in vivo
by Western blot and immunostaining. For ex vivo electroporation experiments,
introduction of plasmid DNA into the neuroepithelial cells of mouse embryos ex utero
was performed. Plasmid DNA for pCAG-Satb2 (approximately 2μl of maxi-prep
DNA) overexpression and pCAG-GFP as a control were injected into the lateral
ventricles of each littermate at E13.5. Electrodes were placed flanking the equivalent
ventricular region of each embryo, covered with a drop of PBS and pulsed 5 times at
40 V for 50 ms separated by intervals of 950 ms with an electroporator (BTX Harvard
Apparatus) (Chen et al., 2005b).
After electroporation, the brains were removed and embedded in agarose. Coronal
sections were prepared by cutting the brain with a vibrotome (LeicaVT 1000S) at a
thickness of 50 µm and cultured for two days in vitro.

2.2 Histological procedures

2.2.1 Tissue preparation
The day of vaginal plug was considered embryonic day (E) 0.5. Pregnant females
were sacrificed by cervical dislocation. Brains were fixed either by immersion
(embryonic and perinatal brains) into or perfused (adult brains) by freshly prepared
4% paraformaldehyde (PFA, Sigma) in PBS (pH 8) overnight at 4°C and then washed
in PBS. Dehydratation was done with a series of ethanol wash steps (30%, 50%,
70%, 80%, 90%, 95% and 100%) for at least 2 hrs each, transferred to toluol for 6 hrs,
soaked in fresh paraplast, twice, overnight and then embedded in wax according to
standard procedures. Sections (10μm thick) were mounted on Marienfeld Histobond
slides and dried overnight at 37°C. Alternatively, upon 4% paraformaldehyde-PBS
fixation, brains were cryoprotected by 30% sucrose-PBS, included in OCT
(TissueTeck) and cut at 10μm with a cryostat. Cryosections, mounted on Menzel-
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Gläser SuperFrost Plus slides, were dried for 20 min. and kept at -80°C until used.
Paraffin sections were subsequently dewaxed by histoclear (xylene substitute),
rehydrated in descending ethanol series, and processed for Nissl staining,
immunohistochemistry or in situ hybridization.

2.2.2 Nissl staining
After rehydratation, paraffin sections were washed in H2O for 5min., incubated in
50% (w/v) potassium sulfite solution for 15min. and washed again. Sections were
stained for 20min. in cresylviolet solution (1.5% cresylviolet in acetate buffer) and
cleared in two washes of acetate buffer (10mM sodium acetate, 10mM acetic acid in
H2O) for 2min (or until desired coloration was achieved). Sections were finally rinsed
in H2O, dehydrated in a series of ethanol dilutions (70%, 80%, 100%, 100%; 2min.
each) and immersed in histoclear for 10min. Nissl-stained sections were mounted
using Eukitt mounting media (E. Kindler GmbH).

2.2.3 Immunohistochemistry
Embryos were sectioned at 10 μm with a cryostat (Leica), air dried for 20 min,
washed in PBS and fixed for 5 min in 4% paraformaldehyde (PFA) ⁄ PBS. After three
washes in PBS, sections were preblocked in 1% BSA ⁄ 0.1% Tween 20 ⁄ PBS (1 h),
and incubated with primary antibodies overnight at 4ºC in the same solution. Sections
were then washed in PBS and incubated with a diluted (1:800) secondary antibody
(Molecular Probes) for 1 h at room temperature, rinsed with PBS and visualized under
a fluorescence microscope after mounting with DAKO.
The following antibodies were used:
Antigen

Source

Class

Provider

anti Acetil H4

rabbit

polyclonal

Upstate 06-866

anti Histone H4

rabbit

polyclonal

Abcam ab1761

rabbit

polyclonal

Abcam ab9051

rabbit

polyclonal

Abcam ab4441

(acetylK12)
anti Histone H4
(mono methylK20)
anti Histone H3
(acetylK9)
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Antigen

Source

Class

Provider

Concentration

anti-Cre

mouse

monoclonal

Sigma#c7988

1:200

anti-BrdU

mouse

monoclonal

Chemicon #mab3424

1:200

anti-Brn2

goat

polyclonal

Santa Cruz #SC-6029

1:300

anti-Nurr1

rabbit

polyclonal

anti-Ctip2

rat

polyclonal

Abcam#ab18465

1:300

anti-L1

rat

monoclonal

Chemicon #mab5272

1:300

anti-KI67

mouse

monoclonal

novocastra

1:500

anti Tbr 1

rabbit

polyclonal

Chemicon

1:1000

anti-Cre

mouse

monoclonal

Covance

1:300

anti Acetil H4 rabbit

polyclonal

Upstate 06-866

anti Satb1

rabbit

polyclonal

Our Lab

1:1000

anti Satb2

rabbit

polyclonal

Our Lab

1:100

recombinase

1:45

In case of double ISH/IHC, ISH was performed without proteinase treatment and was
followed by IHC.
For BrdU migration experiments, BrdU (100 mg ⁄ g body weight) (Sigma) ⁄ PBS was
injected intraperitoneally at E13.5, 15.5 and 17.5 and brains taken at P0 Incorporated
BrdU was detected with mouse anti-BrdU mAb (Sigma) or rat anti-BrdU pAb
(Abcam). Sections were treated with 0.3%H2O2 in 50%Methanol to block the
endogenous peroxidase and then wash in PBS for two times, then the section were
incubated in 2 N HCl at room temperature for 1 h, rinsed in 0.1 M Borate buffer and
processed for immunohistochemistry. Following washes in PBT, the reaction was
revealed using DAB reaction kit (VEKTOR) at room temperature for 5-10 min,
inactivate with water and mounted in Mowiol.

2.2.4 Cold In situ hybridization.

2.2.4.1 Tissue preparation
Isolated mouse brains (E13.5 up to P0), and entire heads at E10.5 were fixed several
hours in DEPC-PBS buffered 4% paraformaldehyde at 4°C and cryoprotected in 25%
sucrose in DEPC-PBS (solution not autoclaved), keep @ 4oC overnight, shaking .
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Tissue was embedded in Tissue Freezing Medium (Leica, Nussloch, Germany) and
store @ -80oC .The brains were cut at 10 μm on a cryostat (Leica) and collected in
superfrost slides. The sections were stored at -80ºC.

2.2.4.2 Dig-Labelling of RNA probes:
Linearization of approx. 5µg of plasmid DNA with the appropriate enzyme was done
for 2 hours or overnight and then a control of the digestion on gel for complete
linearization.
A Phenol-CHCl3 extraction was done in order to remove the rest of the enzyme. For
that we have filled the volume of the digest up to 200µl with H2O. 200µl of saturated
phenol-chloroform was added, vortex, spin 5 min, 13000 rpm and transferred upper
phase to new e-cup without disturbing the interphase. Finally, DNA was precipitated
with 20µl NaAc pH 3.5, 1µl of paint pellet and 400µl 100% EtOH for 2hours to
overnight. Spin 20 min, 13000rpm, 4oC; discard supernatant. 70µl of 70% EtOH was
added and spin as above, discarding supernatant and leaving to air dry. The pellet was
dissolved in 14µl H2O.
The concentration of the plasmid was checked with a spectrophotometer OD260 with
1/100 dilution.
For the in vitro transcription ( IVT), approx. 2µg of linearised plasmid was used:
X µl linearised plasmid (~2µg)
2 µl Dig RNA labelling mix
2 µl 10x transcription buffer
2 µl RNA polymerase (Sp6, T3, or T7)
X µl DEPC-treated H2O up to 20 µl total volume
Incubate @ 37 oC for 2 hours. Add 2 µl DNase (RNase free) Incubate @ 37 oC for 15
minutes. Add:
2 µl 0.2M EDTA pH 8.0
2.5 µl 4M LiCl
75 µl 100% EtOH
Precipitate @ -20 oC for overnight.
Finally we spin 20 min, 13000 rpm, 4oC; discarded supernatant. Added 70µl 70%
EtOH, spin as above, discarded supernatant and leaved to air dry. Dissolve in 50µl
H2O. Checked OD260 with 1/100 dilution and loaded 1µl on gel.
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2.2.4.3 In situ hybridization.
Sections were transferred from –80oC into a dry slide box and brought to room
temperature. Meanwhile 4% PFA in PBS-DEPC from –20oC was taken and put into a
beaker with hot water. A circle with ImagePen around the slide was draw, let dry and
put into empty cuvette. Sections were fixed in 4% PFA/PBS-DEPC for 15min at RT
(These PFA was reused for Postfix by adding glutaraldehyde) and washed two times
in PBS. A proteinaseK treatment was applied for 2-3min at RT where proteinase K
(20µg/mlof stock10mg/ml; 300µl /150ml buffer) was dissolved in Proteinase K buffer
(20mM Tris pH 7.5, 1mM EDTA pH 8). After that the slides were transferred in to a
chamber with 0.2% Glycine (Stock: 20%; 1.5 ml in 150 ml) in PBS-DEPC for 5 min
and wash twice in PBS. Sections were then re-fixed for 20 min in 4%
formaldehyde/0.2% glutaraldehyde (Stock of Glutaraldeyde can be either 25%
(1.2ml/150ml) or 50% (600µl/150ml) dissolved in PBS to ensure firm attachment of
the sections to the microscope slides.
Needed hybmix was aliquoted and the RNA in it denatured by incubation @ 65oC for
3min. Then transferred on ice until it was applied on sections. Sections were prehybridized in hybridization mix ( 150µl per slide) without probe for 2 hr at 70ºC and
then hybridized overnight at 70ºC in humid incubation boxes that were prepared by
putting tissue in the box and applying 20ml 50%FA/5xSSC in each compartment.
Hybridization mix is composed of 50% formamide, 5 x SSC, 1% block solution
(Roche), 5 mM EDTA, 0.1% Tween-20, 0.1% Chaps (Sigma; St. Louis, MO), 0.1
mg/ml heparin (Becton-Dickinson; Mountain View, CA), and 1 mg/ml yeast total
RNA (Roche). Probe concentration was about 1 ng/µl and it was pipetted into hybmix
and denatured as above shortly before using it and kept on ice. Approximately 6 µl
hybridization mix was applied to the sections and no coverslips were used. After
hybridization sections were rinsed at RT in 2xSSC pH 4.5, washed three times for 30
min at 65ºC in 50% formamide/2 x SSC, pH 4.5, followed by two 10-min washes in
KTBT (50mM Tris pH7.5; 150mM NaCl; 10mM KCl; 1% Triton X-100 up to 1l with
water). Probe bound to the section was immunologically detected using sheep antidigoxigenin Fab fragment covalently coupled to alkaline phosphatase (1:2000 –
1:5000 in blocking solution). The antibody solution was discarded and sections were
transferred to KTBT buffer. Sections were washed in this buffer three times for 5 min,
followed by three 30-min washes. Finally three 5 min washes in NT (M) T (100mM
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Tris pH9.5; 100mM NaCl; 50mM MgCl2; 0.05% Tween-20u p to 500ml with water)
at RT were done prior the developing of the sections with NBT/BCIP as chromogenic
substrate, essentially according to the manufacturer's protocol (Roche). The reactions
for sense and antisense probes were stopped at the same time. Slides were stored in
PBS after the fixation and mounted when all slides are ready.

2.2.5 Hot In situ hybridization

2.2.5.1 Tissue preparation
Freshly isolated brains were dehydrated with a series of ethanol wash steps (30%,
50%, 70%, 80%, 90%, 95% and 100%) for at least 2 hrs each, transferred to toluol for
6 hrs, soaked in fresh paraplast, twice, overnight and then embedded. The brains were
cut at 10 μm on a microtome (Leica) and collected in coated slides (Menzel). The
sections were stored at RT.

2.2.5.2 Synthesis of radioactive riboprobes
In vitro transcription of the linearized cDNA was carried out by incubating at 37°C
for 1.5 hrs with the following reagents:
Linearized DNA (>0.25μg/μl) 1- 3μl (0.5- 1μg)
Transcription Buffer 10x (Boehringer) 1μl
-U dNTPs (Boehringer) 1μl
RNase inhibitor (Promega) 0.5μl (1U/μl)
T3/T7/SP6 RNA polymerase (Promega) 0.5μl (0.5U/μl)
[α]35 S- UTP (Amersham) 2μl (10mCi/ml)
DEPC- H2O up to 10μl
Riboprobes bearing a sequence complementary to the mRNA of interest (antisense)
were synthesized using the following cDNA templates:

cDNA Size (bp)

Vector

Enzyme

Pol

Provider

Cad8 400

pGEM-Teasy

SpeI

T7

Lab stock

Cux2 530

pGEM-T

SpeI

T7

Lab stock

Er81 300

pGEM-Teasy

SacII

SP6

Lab stock

32
cDNA Size (bp)

Vector

Enzyme

Pol

Provider

Id2 350

pGEM-Teasy

SpeI

T7

Lab stock

Lmo4 600

pGEM-T

SpeI

T7

Lab stock

Svet1 900

pBluescript

XhoI

T7

P.Gruss

EphA2 300

pBluescript

BamHI

T7

Lab Stock

EphrinA2 300

pBluescript

SacI

T7

Lab Stock

EphA3 300

pBluescript

BamHI

T7

Lab Stock

EphA4 300

pBluescript

SacI

T7

Lab Stock

Ephrin A2 300

pBluescript

EcoRI

T7

P. Gruss

Ephrin a5 500

pBluescript

KpnI

T7

FrancoWeth

Eprhin a5 700

pBluescript

XbaI

T7

P. Vanderhaegen

EphA7 300

pBluescript

NotI

T3

Ephrin B1

pBluescript

Hind III

Sp6

P. Vanderhaegen

Ephrin B2

pBluescript

Hind III

Sp6

P. Vanderhaegen

Ephrin B3

pBluescript

Hind III

Sp6

P. Vanderhaegen

EphB1 1.7

pBluescript

BamHI

T7

P. Vanderhaegen

EphB2

pBluescript

KpnI

T7

P. Vanderhaegen

EphB4 1.2

pGem 37

Hind III

T7

P. Vanderhaegen

Fezl 1.3

pBluescript

NotI

Sp6

Lab stock

Satb21 600

pGEM-Teasy

ApaI

Sp6

Lab stock

Rorß 400

pBluescript

SalI

T3

Lab stock

Unc 544 1.4

pDrive

Xba I

T7

Lab stock

Lab Stock

2.2.5.3 In situ Hybridization
Dewaxing of paraffin embedded tissue (sectioned cortex and whole embryo) was
done using histoclear (twice for 10 mins). The tissue was rehydrated in a series of
ethanol dilutions (100%, 100%, 95%, 90%, 80%, 70%, 50%, and 30%, for 2 mins
each) and rinsed in saline (0.86% NaCl in DEPC autoclaved water) and PBS- DEPC.
The sections were then fixed in cold 4% PFA/PBS and washed twice in PBS- DEPC
for 5 mins. The sections were then Proteinase K treated (50mMTris-HCl; 5mM
EDTA; 20μg/ml Proteinase K) followed by a PBS- DEPC wash step. These sections
were treated with freshly prepared acetylation buffer (0.1M triethanolamine; 0.05M
acetic anhydride in DEPC- H2O), twice for 15 mins and washed in PBS- DEPC
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followed by dehydrating ethanol wash steps.
Hybridization buffer was used for diluting the radioactive RNA probe:
50% Deionized Formamide (Fulka)
10% Hybridization salt stock (0.2% polyvinylpyrrolidone; 0.2% Ficoll; 0.1M
NaH2PO4; 50mM EDTA pH 6.8; 3M NaCl; 0.1M Tris- HCl pH8 in DEPC-H O
2

10% 1M DTT (Sigma/Promega)
20% Dextran sulfate 50% (Amersham)
500μg/ml tRNA (Sigma)
200μg/ml αSPthio- ATP (Roche)
Denaturation of the diluted radiolabeled RNA probes was done at 80% for 2 mins and
placed on ice for 5 mins. About 12- 18μl of the diluted probe was applied on each
section and covered with 15x20mm coverslips that were previously siliconized with
SurfaSil™, according to the manufacturer’s instructions. Sections were allowed to
hybridize with the probe at 55°C in a completely sealed humid chamber containing
50% formamide in 2xSSC.
Hybridized sections were transferred to 2xSSC at 55°C and coverslips were removed
with gentle agitation for about 5-10 mins. Sections were then washed in 50%
Formamide/2xSSC at 75°C, then at 65°C (both in a shaking water bath). This wash
step was again carried out in a fresh aliquot of the same solution for 30min-2hr at
37°C with slight agitation. Sections were then incubated twice in NTE buffer (0.5M
NaCl; 10mM Tris-HCl; 5mM EDTA pH8) for 5 and 15 mins. The unbound
radiolabeled RNA probe

2.3

Southern-blot

screening

of

ES

cell

clones

for

homologous

recombination
After the electroporation of the knock-in constructs into the ES-cells (MPI-II), they
underwent a positive and negative selection for about 10 days with geneticin (G418)
and gancyclovir, respectively. Individual ES-cells that survive during these selections
were separately grown. While preparing the cryo-stocks of each clone, some from
each were let to grow in 24-well plates without the feeder layers. The screenings for
the homologous recombination were done by using these ES cell cultures.
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2.3.1 Genomic DNA extraction from ES-cells
Genomic DNAs from these ES cells were extracted by proteolytic digestion with
proteinase K (1 mg/ml) in Lysis Buffer at 56°C for overnight and then precipitating
the genomic DNA with the addition of 1.5 x volumes Isopropanol onto the lysed
samples. After vigorous shaking by hand, they were centrifuged for 20 minutes, and
then the pellets were washed with 70% ethanol and finally dissolved in 100 µl of TE.
Lysis Buffer (final concentrations of the ingredients):
(100mM Tris-Cl (pH 8.0); 5mM EDTA (pH 8.0); 0.2% SDS; 200mM NaCl)

2.3.2 Digestions of genomic DNA
During the preparation of the knock-in construct, some Nsi I sites were introduced in
specific regions of the construct. These NsiI sites are absent in the wild type genomic
region. In case of homologous recombination, digestion with NsiI would therefore
produce specific bands of expected sizes as shown in Figure 7.
With this idea, one third of each ES-clone genomic DNA sample was digested with
NsiI (Promega) at 37°C overnight. Digested genomic DNA samples were loaded onto
0.7% Agarose gels and electrophoresed at 30V overnight

2.3.3 Southern blotting
Southern blot analysis was used to screen ES cell clones for homologous
recombination events. Between 5 and 10 μg of genomic DNA were digested
overnight with 20 units of restriction enzyme. The digested DNA was resolved on a
0.7 % agarose gel containing 0.5 μg per ml ethidium bromide. To confirm complete
digestion of the genomic DNA, gel was exposed to UV-light and photographed. The
gel was depurinated in 0.25 M HCl solution for 10 min. Then the gel was denatured
by 45 min incubation with gentle shaking in a solution of 1.5 M NaCl and 0.5 M
NaOH, followed by neutralization in a 1M Tris-HCl (pH 8) and 1.5 M NaCl solution
for 45 mins. Finally the gel was then rinsed in water. A nylon membrane was cut with
the size of the gel, washed in water and incubated for 10 min in 2X SSC. The gel was
blotted overnight using 10X SSC, so as to transfer the DNA onto a nylon membrane
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(Hybond N+, Amersham- Pharmacia) as described by Southern (Southern, 1975). On
the next day, after transfer, the membrane was dried in Whatman paper and the DNA
was cross-linked to the membrane using UV-light at 120 mJ/cm2. Subsequently the
membrane was hybridized with specific radioactive probes. DNA probes (20-50 ng)
were radioactively labeled with 50 μCi γ32P-dCTP (Amersham-Pharmacia) using the
‘Prime-It RmT Random- Primed Labelling Kit’ (Stratagene). The labeled probes were
purified over Sephadex- G50 spin columns (Probe Quant G50, Amersham
Pharmacia). Before hybridization probes were denatured by boiling for 5 min.
Prehybridization was carried out according to Denhardt (Denhardt, 1966) with
modifications. The membranes were saturated in 20-25 ml hybridization solution
(0.5M Na PO4 pH 7, 2, 7% SDS) at 65ºC for at least 40 min in the hybridization oven
(Biometra). The denatured probes were then added to the tubes incubating the
membranes in prehybridization buffer. Hybridization was carried out at 65ºC for 1624 hours. In order to remove the non-specifically bound probe, the following washing
steps were carried out in a shaking water bath at 60°C: 4x 20 min in 40mM Na PO4
pH 7, 1% SDS. The membranes were then sealed in plastic foil and exposed to a
Biomax MS autoradiographic films (Kodak) at –80°C for overnight.

2.4 Cell culture
2.4.1 Preparation and culture of embryonic fibroblast
All cell culture procedures were based on protocols according to “Gene Targeting: A
Practical Approach” (Joyner, 1999). To maintain the pluripotency, ES cells were
cultured in the presence of leukemia-inhibitory factor (LIF) on a layer of growth
arrested feeder cells derived from embryonic fibroblasts. Embryos (E13.5 E16.5)
obtained from mating wild-type mice with homozygous transgenic strains, which
contain a neomycin resistance cassette (neoR), were used for fibroblasts preparation.
neoR feeder cells survive during positive selection of ES cells with G418. Embryos
were dissected in sterile conditions and head as well as internal organs were removed.
Such carcasses were washed in large volume of PBS++ (1.47 mM KH2PO4, 8.1 mM
Na2HPO4, 137 mM NaCl, 2.68 mM KCl, 0.9 mM CaCl2, 0.5 mM MgCl2, pH 7.2) to
remove blood. Then carcasses were minced into small cubes and pressed though the
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screen into a flask that contains 20 ml of glass beads. The suspension of cells was
incubated at 37°C in 50 ml 0.05% Trypsin/0.02% EDTA solution together with 200
ml of DNase I (10 mg/ml), for 30 min with stirring. Then an additional 50 ml of
trypsin/EDTA was added, stirred for another 30 min and the trypsinisation procedure
was repeated. After decantation of glass beads, the cells were centrifuged at 1500g for
5min. The pellet was washed twice in PBS++ and resuspended in 5ml PBS (1.47 mM
KH2PO4, 8.1 mM Na2HPO4, 137 mM NaCl, and 2.68 mM KCl, pH 7.2). Afterwards,
feeder cells (5 x 106) were plated onto 150 mm tissue culture dish with 10 ml of
fibroblast medium. In 3-4 days, when the cells reached confluence (ca. 4-5 x 106
cells/plate), the feeders were split 1:3 or 4 for additional expansion or frozen for
storage. For splitting, the cell were twice washed with PBS, each plate was incubated
with 3 ml of 1x trypsin/EDTA at 37°C for 5 min. Once the cells detached, they were
gently pipetted up and down to break aggregates. Trypsinized cells were added to 6
ml of feeder medium in a conical tube and centrifuged at 3,000g for 2 min. The
supernatant was discarded, the cell pellet re suspended in feeder medium and plated.
Generally, embryonic fibroblasts were not passed more than 3 times, because they are
not anymore suitable for ES-cell culture. The feeders can be stored for several days at
-80°C or for longer time in liquid nitrogen. For freezing trypsinized cells have to be
re-suspended in cold freezing medium A (ES-cells-Medium/50% FCS) and then an
equal volume of cold freezing medium B (ES-cells-Medium/20% DMSO) is slowly
added. The suspension was then transferred to cryo-tubes (Nalgene) and freeze down
first at -20°C and later at –80°C. For thawing vials with feeders were warmed-up at
37°C for short time and then the cells were transferred to 10 ml of warm fibroblasts
medium. After centrifugation (1000rpm, RT) cells were re-suspended in fresh
medium and platted.

2.4.2 Growth-arrest of Embryonic Fibroblast by mitomycin C treatment
A confluent plate of embryonic fibroblasts was washed with PBS and incubated for 2
h with 100 μl of mitomycin C stock solution (1 mg/ml in PBS, 5% DMSO, Sigma) in
10 ml of feeder medium. Then the cells were washed two times with PBS, incubated
with 3 ml of 1x trypsin/EDTA at 37°C for 5 min, re-suspended and centrifuged in
feeder medium. The cell pellet was brought to a concentration 2-3x105cells/ml of
feeder medium and plated on gelatinized plates.
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2.4.3 ES cell culture, electroporation and neomycin-resistance selection
Frozen ES were thawed rapidly and DMSO-containing medium was immediately
replaced with warm (37°C) ES medium. As a standard procedure, 107 ES cells were
electroporated with 20 μg of linearised targeting vector in 0.8 ml PBS (240 V, 500 μF,
BioRad Gene Pulser). The transfected cells were then plated out on growth-arrested
neomycin resistant mouse embryonic primary fibroblasts (see 2.5.1 and 2.5.2) at a
density of 2.5x106 cells per 10-cm dish and cultured in ES cell medium. Selection
with 400 μg/ml G418 (Geneticin) was started 48 hours later. Fresh selection media
was added daily to the ES cells. After further 5-7 days culture with selective medium
single, undifferentiated ES cell colonies were picked and cultured for additional 3-4
weeks in 24 well plates with layer of feeder cells. Then ES cell colonies were
trypsinised and frozen; a little amount of the clone was cultured in a 24 well plate
without feeder cells for screening. For freezing down, 1 volume of ice cold 2X
freezing medium (ES medium plus 13.3% DMSO) was added to confluent,
trypsinised 24 well plates that had 1volume of trypsin in them. The clones were
carefully transferred to cryotubes and gradually frozen down to –80ºC and finally
stored in liquid nitrogen tank. To screen the cells for homologous recombination by
Southern analysis, a 24 plate was made with all the frozen clones. This plate was
coated with 0.1% gelatine (Sigma) before seeding of ES cells. These plates were
grown to confluence and used to extract DNA to screen for targeted clones as
described earlier. The ES cells were electroporated with 10 μg of the construct. The
ES cell suspension was diluted with ES cell medium, and up to 1 x 103 cells were
placed in each 100 mm cell culture dish. Colonies were picked after 8-9 days in
culture and processed as above. ES clones were screened by Southern analysis as
described above.

2.5 TSA treatment in dissociated neuronal cell culture

2.5.1 Coating Plates with Laminin and Poly-L-lysine
One aliquot of Laminin (Sigma-Aldrich #L2020 )Working Solution ( 1 mg of laminin
diluted with sterile H2O to a final volume of 1 ml to make a 1 mg/ml stock solution)
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and one aliquot of Poly-L-Lysine (Sigma-Aldrich #P5899) Working Solution ( 20 mg
of poly-L-lysine with sterile H2O to a final volume of 20 ml to make a 1 mg/ml stock
solution) was added to 12 ml of sterile ddH2O to make a coating solution (enough for
12 inserts). One culture insert (Becton Dickinson #353102) was placed into each well
of two six-well plates (Becton Dickinson #353502). Then 2 ml of sterile ddH2O was
added into the bottom of each well of the plate underneath the membrane of the insert,
followed by 1 ml of the coating solution on top of the membrane. The plate was
placed in a humidified incubator at 37°C 5% CO2 overnight.

2.5.2 Dissociation of Cortical Neurons
The solutions were prepared in the following way:
Dissociation Medium (DM)
Stock Solution
1 M Na2SO4

Volume

Final Concentration

20.44 ml

98 mM

15 ml

30 mM

1 M MgCl2

1.45 ml

5.8 mM

100 mM CaCl2

0.63 ml

0.25 mM

0.5 M K2SO4

1 M Hepes (pH 7.4)

250 µl

1 mM

5 ml

20 mM

Phenol red (0.5%)

0.5 ml

0.001%

0.1 N NaOH

0.5 ml

0.125 mN

1 M glucose

Add sterile ddH2O to a total volume of 250 ml. Store at 4°C. Sterile filter with a 0.2µm bottle filter. The stock solutions of 1 M Na2SO4 and 0.5 M K2SO4 were kept at
room temperature in order to avoid precipitate formation.
Enzyme Solution (ES)
20 ml of DM, Cysteine (Sigma-Aldrich #C-1276) 6.4 mg, Papain (Roche #108014)
400 units. Mix and let dissolve for 15 min in a 37°C water bath. Mix and adjust the
pH with 0.1 N NaOH to about 7.4 (about 6 drops of 0.1 N NaOH). pH monitored by
solution colour (Pink is too basic and yellow is too acidic). Filter through a 0.2-µm
syringe filter. Solution prepared immediately before use.
Heavy Inhibitory Solution (HI)
DM 6 ml, Bovine serum albumin (BSA) (Sigma-Aldrich #A-7906) 60 mg, Trypsin
inhibitor (Sigma-Aldrich #T-6522) 60 mg. Warm the DM to 37°C, then add BSA and
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trypsin inhibitor and mix to dissolve. Adjust the pH with 0.1 N NaOH to about 7.4(12
drops aprox. of 0.1 N NaOH). Filter through a 0.2-µm syringe filter. Warm the
solution in water bath at 37°C before use. Solution prepared immediately before use.
Light Inhibitory Solution (LI)
9 ml of DM and 1 ml of HI. Prewarm the DM to 37°C, and then add the HI. Filter
through a 0.2-µm syringe filter. Warm the solution in a 37°C water bath before use.
Solution should be prepared immediately before use.
Serum-Free Medium
100 ml of Basal Medium Eagle, 1 ml of N2 supplement, 0.5 ml L-glutamine (200
mM), 1 ml of Penicillin (10,000 units/ml)-streptomycin (10 mg/ml). Warm the
solution in water bath at 37°C and prepare under sterile hood immediately before use.
The area for dissection was prepared by spraying with 70% ethanol and wiping dry
and the dissection instruments were sterilized by immersion in 70% ethanol for 10
min. Two 100-mm petri dishes with 15 ml of Complete HBSS (12.9 ml of 1 M,
1.35ml of 20mM D-glucose, 0.25 ml of 1 mM 200 mM L-glutamine, 0.5 ml of
Penicillin-streptomycin (100 units/ml of penicillin and 0.1 mg/ml of streptomycin)
sterile filtered with a 0.2-µm filter and heat-inactivated horse serum to a final
concentration of 5%) were placed on ice. The P0 mouse brain were isolated and
placed in this solution, where cortex was isolated without pia and hippocampus. The
cortex was transferred into a new petri dish containing fresh Complete HBSS and cut
with fine forceps into pieces of about 1 mm.
The pieces of cortex were transferred in a 50-ml tube containing 10 ml of Enzyme
Solution by using a cut and flamed Pasteur pipette and incubated at 37°C. After 20
min, the remaining 10 ml of Enzyme Solution was added, and the tissue continued
incubating at 37°C for an additional 20 min. The Enzyme Solution was gently
removed by pipetting, leaving the tissue at the bottom of the tube. The tissue was
rinsed once with 10 ml of LI and then incubated with 5 ml of HI at 37°C. After 2 min
HI was removed and rinse once with 5 ml of Serum-Free Medium. The tissue was
gently triturated in 5 ml of fresh Serum-Free Medium for about 10 to 20 times with a
5-ml pipette. The cell suspension was transferred to a new 50-ml conical tube and
viable cells were count using a hemocytometer.
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2.5.3 Multiple Immunofluorescence Protocol.
The coverslips were incubated for 4 to 6 hours in Permeabilization Solution ( 50 ml of
10x PBS, 450 ml H2O, 15g BSA, 1.5 ml Triton X-100, 5 ml of 10% NaN3 in ddH20)
at 4°C for at least 6 hours (or overnight) with gentle agitation. First antibody was
diluted each in the appropriate volume of Permeabilization Solution, 1 ml per well in
six-well plates was added and incubated overnight at 4°C with gentle agitation. The
coverslips were washed eight times with 3 ml of 1x PBS for 15 min with gentle
agitation at room temperature. One ml of diluted secondary antibodies was added to
the wells and incubated overnight at 4°C with gentle agitation.
The coverslips were washed four times in 3 ml of 1x PBS for 15 min at 4°C with
gentle agitation, wash twice in 3 ml of 1x PBS for 15 min at room temperature with
gentle agitation and mounted microscopic slides with an appropriate mounting
medium for fluorescence. The coverslips were seal with nail polish.

2.5.4 TSA treatment
Cells were platted in different under different densities (0.1, 0.5, 0.8) in order to see
the optimal density of cells, which finally result to be 0.8, million cells per coverslip.
Under these conditions we performed the experiment with increasing concentrations
of TSA (0, 50, and 100) during 6h, 12h and 24h.

2.6 Generation of knockin mice
Two independent heterozygous ES cell clones were used to generate chimeras by
injecting 10-15 ES cells into blastocysts obtained from C57BL/6 super-ovulated
females (Hogan et al., 1994). Females (20-23 days old) were injected interperitoneally
with 100 µl 50U/ml PMS in PBS („Pregnant Mare's Serum“= Intergonan, Intervet
GmbH, Tönisvorst). This serum contains Follicle-Stimulating hormone (FSH). Two
days later females were injected with 100µl 50U/ml hCG in PBS (human Chorionic
Gonadotropin, Ovogest, Intervet GmbH, Tönisvorst) und then mated with C57Bl/6J
males. Blastocysts were recovered on day 3.5 post-coitum by flushing the uterus with
blastocyst medium (Fibroblasts-medium with 30 mM HEPES pH 7.2). Round ES
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cells (12-15) were injected into the blastocoelic cavity and approximately 16 of such
injected blastocysts were implanted into the uterine horns of time-matched pseudopregnant foster mice (day 2.5 post-coitum). Chimeras were identified by coat colour
and backcrossed to C57BL/6 mice to achieve germ-line transmission. The offspring
with brown coat colour was analyzed for heterozygosity by genotype PCR and by
Southern blot analysis.

2.7 Carbocyanine Dye Tracing
All tract tracing were performed in P0 animals. Single DiI crystal (Molecular Probes,
Eugene, Oregon, USA) was placed either in the ventrobasal complex of the thalamus
or presumptive primary somatosensory cortex to trace TCAs and CFAs. Four DiI
crystals were placed in the cerebral peduncle or internal capsule to study the
distribution of projection neurons in the cortex. The number of DiI-labeled cells in the
upper or lower layers was counted under 40x objective.
To study the origin of neurons projecting to the corpus callosum or anterior
commissure, brains were bisected sagittally. In normal brains, DiI crystals were
placed along the entire length of the corpus callosum and DiD in the anterior
commissure. In KO, which the corpus callosum is missing, only DiD was placed in
the anterior commissure.
All brains were kept in dark for 3 weeks at room temperature for DiI diffusion, then
sectioned at 50-80µm on a vibrating microtome (Leica).

2.8 Image acquisition
Bright and dark field images were obtained with a light microscope (Olympus). For
fluorescence images, a Leica inverted microscope equipped with a TCS-SP2 confocal
scan head was used. Confocal pictures of 1-2µm thickness were acquired by
sequential 4-line averaging. Fluorophors were excited with an Argon laser (488nm) or
with diode lasers (561 and 405nm). Pictures were analyzed with the Leica software
+

and further merged and refined with Adobe Photoshop CS2 .
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3. Aim of the project
We investigated the regulatory role of transcription factor Satb2 and the other
member of the same family, Satb1, in cortical development. It is well known that
Satb1 is involved in the regulation of tissue-specific organization of chromatin. We
found that Satb2, a close homologue, can also bind matrix attachment regions (MAR)
of genomic DNA. In this study, we focus on the functional relationship between Satb1
and Satb2.
It has been previously reported that loss of Satb2 expression in the branchial arches
leads to craniofacial abnormities and eventually causes postnatal death at P0 (right
after birth). In the current study, we analyzed the function of Satb2 in the neocortex.
Here we analyzed the functional replacement of Satb2 by Satb1 in the neocortex and
in the first branchial arches using a mouse line where the Satb2 coding sequence has
been replaced by Satb1 cDNA. The Satb2Satb1 “knock-in” mutants not only lack
Satb2, but also ectopically express Satb1 in cells under the influence of the Satb2
promoter. The work presented here also describes generation of the Satb2Satb1 mouse
line.

.
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4. Results
4.1 Satb1 and Satb2 expression during cortical and craniofacial
development.
4.1.1 Satb1 labels a subpopulation of Satb2 cells in the neocortex.
Satb2 expression is first detected at E11.5 within the mandibular and maxillar
components of the first developing branchial arch and at E13.5, in the telencephalon,
tongue muscles and a subpopulation of dorsal spinal cord neurons. At E13.5 Satb1
mRNA was detected in the entire spinal cord and in two groups of postmitotic cells of
the ventral telencephalon. It was also strongly expressed in the transition zone
between pons and medulla and in the cerebral cortex where its expression was mostly
confined to the SVZ zone. At E15.5, Satb2 is expressed in the intermediate zone (IZ)
and cortical plate (CP) while Satb1 expression is detected in the cells of the marginal
zone (MZ), subplate of the developing hippocampus, piriform cortex and olfactory
tubercle (Britanova et al., 2005). IHC analysis indicates that Satb1 and Satb2 are
coexpressed in the cortical plate and subplate. Interestingly there is a minor
subpopulation of cells located in the most upper part of the CP that express
exclusively Satb1. At P0, Satb2 is expressed in UL of the cortex whereas Satb1+ cells
are located above Satb2 expression domain where most cells seem not to express
Satb2. The vast majority of the migrating neurons express both genes (Fig.4).
At P0, both genes are expressed in incisors and molars but Satb2 seems to be
restricted to a subpopulation of Satb1 + cells in the dental epithelium. However, Satb1
is strongly expressed in this dental epithelium whereas Satb2 is mostly expressed in
the dental mesenchyme.
In the septal cartilages overlying the upper jaw both proteins extensively colocalize
although Satb1 is more strongly expressed than Satb2 in the medial epithelial seam
(of palate) and in vomero-nasal organ (Fig.12 A-D).
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FIG 4. Satb1 and Satb2 expression in mouse development.
Satb1 protein expression at E.15.5 (A) and at P0 (B) is restricted to a subpopulation of Satb2 in the
neocortex.

4.1.2 Ctip2, Satb1 and Satb2 expression during development.
To relate Satb1 and Satb2 protein expression to certain DL neocortical subtypes more
precisely, co-localization analysis of Satb1, Satb2 and Ctip2 by double IHC were
performed. Satb1 and Satb2 were predominantly expressed in the UL neurons of
neocortex starting from E13.5. The majority of neocortical Satb2+ neurons were born
between E14.5 and E15.5 in the dorsal telencephalon although there were few Satb2+
cells in the CP already at E13.5 (Britanova et al., 2006a). At 15.5 the amount of
neurons expressing Satb1 in the CP is still very low but the number increases as
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development proceeds (Fig.5 E, H). Ctip2 is a transcription factor that is expressed by
many cortical plate neurons already at early stages of corticogenesis. At later stages,
its expression is mostly confined to layer 5 neurons that project to the spinal cord and
tectum but not to corpus callosum (Arlotta et al., 2005). The onset of Satb1 and Satb2
expression in the dorsal telencephalon was detected at E13.5 (Fig.5A-B, E-F). At this
stage, many Satb1 and Satb2 expressing cells were found within the CP, while there
were many more Ctip2+ cells in this region. Most Satb1 and Satb2 neurons at this
stage also expressed Ctip2.
At E15.5, the number of Satb2+ cells increased and most of them did not co-express
Ctip2 (Fig.5C) whereas not many Satb1+ cells where found in the CP at this stage,
and most of them continued to express Ctip2 (Fig5. G). Satb2 and Ctip2 double
positive cells were found in the lower part of the Satb2 domain indicating that they
could represent the same cell population that coexpresses both genes at E13.5.
However, at P0 there were very few cells that expressed both proteins and they were
also located in the lower part of the Satb2 domain (Fig. 5D). Interestingly, cells that
expressed both proteins, expressed Ctip2 at lower levels than Ctip2+ cells that did not
express Satb2 (Fig.5 A-D). On the other hand, cells expressing Satb1 and Ctip2 at P0
were distributed throughout layer V (Fig.5 H).
These results indicate that Satb2 and Ctip2 control mutually exclusive genetic
programs of UL and DL cell type specification whereas Satb1 seems not to have any
effect on Ctip2-mediated genetic program.

4.1.3 Satb2 seems not to be expressed in Svet + cells.
Satb2 protein expression was also analyzed in relation with Svet, a marker of a
subpopulation of upper layer cells. Svet1+ cells reside in the SVZ until they begin to
enter the CP at E18.5 and finish their migration by P2 (Tarabykin et al., 2001). In
order to know whether Satb2 and Svet1 are expressed in the same cells, we combined
IHC with Satb2 antibody and non-radioactive in situ hybridization with Svet1 probe at
developmental stages starting from E17.5 to P2. At these stages, both genes are
expressed in the CP but any co-localization in the SVZ and IZ was detected. Most
cells in the CP that expressed Svet1 at high level at P0 or P2 did not express Satb2
(Fig.6).

46

FIG 5. Satb2 and Ctip2 Label Distinct Subpopulations in the Developing Cortical Plate whereas
Satb1 is expressed in Ctip2 expressing cells.
(A) Most CP cells at E13.5 express Ctip2, and some of them also express Satb2. (B) Higher
magnification image of the CP at E13.5. Note that there are cells that coexpress Ctip2 and Satb2
(empty arrowheads) or express Ctip2 only (filled arrowheads). (C) At E15.5, Satb2+ cells occupy the
subplate (SP) and the upper part of the CP. Most of the cortical cells are Ctip2+ (C’) and few coexpress
Satb2 in the subplate (arrowheads), but there are no double-labeled cells in the rest of the CP. (D) By
P0, the proportion of Satb2+ cells is significantly increased as compared to Ctip2.( E) Satb1 expression
at E13.5 (F) 63x magnification of E13.5 cortex. (G) Satb1 is expressed in Ctip2 cells at 15.5. (H)
Layer V Ctip2 expressing cells colocalizes with Satb1. Note that there are cells that express Satb1 but
not Ctip2 (filled arrowheads) (F, G).

Due to the nuclear staining of Satb2 and cytoplasmic staining of Svet1, it is not
possible to completely rule out the possibility that there are some neurons in the CP
that express both genes. However, no overlap between the two colors was ever
detected although, in some cases, weak Svet1 signal was seen in close vicinity of
Satb2 nuclei, indicating that some cells might express both genes in the CP.
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FIG 6. Satb2 and Svet seems to be expressed in different Cell Subpopulations in the Developing
Cortical Plate
(A) Satb2 protein and Svet1 mRNA expression reveals no colocalization in the intermediate zone (IZ)
and CP at P2. (C and D) Higher-magnification view of the boxed in B. area in (A), (A’), and (A’’) are
in a pseudocolor from (A’’’).
(E) Satb2 protein and Svet1 mRNA expression reveals no colocalization in the intermediate zone (IZ)
and CP at P0 (empty arrows on [F] and [G]). (F and G) Higher-magnification view of the boxed area in
(E’), (E’’), (F’’), and (G’’) are in a pseudocolor from (E’’’).
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Taken together, these results suggest that there are at least three distinct classes of
neurons in the cortical plate characterized by the expression of: Ctip2 (some of them
may also express Satb1 and Satb2), Svet1 and Satb2. Probably, some Svet1 positive
cells also express Satb2. These data also suggest that presence of Satb2 in a subset of
UL cells can help to distinguish between two subtypes of UL neurons.

4.2 Satb2 protein expression is not activated immediately after mitotic
cycle exit
Satb2 is not expressed in proliferating cells within the dorsal telencephalon (Britanova
et al., 2005; Szemes et al., 2006). In order to analyze whether Satb2 is expressed
immediately after cells exit the cell cycle or at a later time point, we performed
experiments where BrdU was injected into E15.5 pregnant mice. Double
immunostaining for BrdU and Satb2 was done in order to analyze colocalization at
6h, 12h and 24h after BrdU pulse. It has been reported that the length of S phase and
G2+M phases at E15.5 is around 4 and 2 hours respectively (Caviness et al., 1995).
Accordingly, cells at the end S phase would be labeled within a time period of two
hours after BrdU injection, while all postmitotic cells would incorporate BrdU within
a period of six hours after injection. No BrdU/Satb2+ cells were found 6 hours after
injection and very few cells were positive for both BrdU and Satb2 12 hours after
injection whereas this number increased at 24 hours after injection (Fig.8). The
double-labeled cells at the 12 hour time point were more advanced in the mitotic
cycle, i.e. they were at the end S phase at the time of BrdU injection, as evident from
the lower number of BrdU/Satb2+ cells 12 hours post injection as opposed to 24
hours. These data indicate that the “postmitotic waiting period” for the onset of Satb2
expression can be approximated to 9-10 hours after the last cell division (Fig.7).
These experiments together with the Satb2/Ctip2 double staining suggest that Satb2
marks a distinctive subpopulation of UL neurons.
Satb2 was not present in new born neurons at least nine hours after mitotic cycle exit,
but the expression was high during neuronal migration and axonal growth, indicating
that Satb2 may be involved in the control of laminar cell-type identity, including
connectivity.
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FIG. 7 Satb2 is a late postmitotic gene.
IHC of P0 brains 6 hours after BrdU injection (A) and after 12 hours (B). (C) Quantification of the
percentage of BrdU/Satb2 double-labeled cells after BrdU pulse labelling showed that Satb2 is only
expressed in postmitotic cells (mean ± SD, 6 hr 0 ± 0, n = 4; 12 hr 8.90 ± 5.12, n = 3; 24 hr 31.99 ±
0.91, n = 4).

4.3 Generation of Satb1 knock-in mouse line.

4.3.1 Generation of knockin construct and ES-cell screens
In order to delete Satb2 and express Satb1 ectopically in cells containing
transcriptionally active Satb2 promoter, a conventional knock-in construct was
generated by Olga Britanova. Both 5´ and 3´ homology arms were produced by PCR
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amplification from isolated ES-cell genomic DNA. The 5´ homology arm was 5120
bps long and contained sequences between the 2nd and 3rd exon, whereas the 3´
homology arm was aprox.2000 bps long and contained genomic sequences
downstream of the third exon (Fig.8). This construct would delete exon 3 of Satb2
gene; “IRES-Satb1-pA” cassette was inserted at the 3´ end of the 5´ homology arm to
achieve a knock-in of ‘Satb1’ into the Satb2 locus.
This cassette contained its own polyA signal sequence to stop transcription and IRES
(Internal Ribosome Entry Site) sequence to ensure that it will be translated
independent of the open-reading frame of Satb2 gene. Since this cassette would
replace the Satb2 sequence downstream of the 2nd exon where the 5´ homology ends,
the transcription of Satb1 gene would be under the control of transcriptional
regulators of Satb2 gene, and hence will mimic the latter’s expression. A floxed
“pGK-Neomycin-pA” cassette was placed between “IRES-Satb1-pA” cassette and the
3´homology arm for positive selection of recombined ES-clones. Within this cassette,
neomycin gene has its own strong pGK promoter and polyA signal sequence.
The LoxP sites flanking the cassette, offers the possibility of removing it after the
selection of ES cells and production of chimeras. For negative selection, a thymidine
kinase (TK) cassette with its own promoter and polyA sequence was inserted
downstream of the 3´homology arm (Fig.8).
The linearized construct was electroporated into (MPI-II) ES-cells. Positive selection
for neomycin and negative selection for TK were done and the surviving clones were
picked and grown separately. A total of 131 clones were frozen and a small amount of
cell were grown in a feeder less 24 well plate in order to obtain DNA for analysis.
Isolated genomic DNA was digested with NsiI, separated on agarose gels and
transferred to nylon membranes. The membranes were hybridized separately with 5´
and 3´ external probes. Expected band sizes for the wild-type (WT) allele with both
probes was 7.5 kb; while for mutant alleles with correct homologous recombination,
the expected band sizes were 4.6 kb with the 5´ probe and 7.6 kb with the 3´ probe.
After screening 131 ES-cell clones, only two positive clones were obtained (ES#44
and ES#134). (Fig.8)
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FIG 8. Design rationale for targeted replacement of Satb2 by Satb1.
a, Schematic representation of the Satb2 locus, the targeting vector, and the targeted locus. Coding
exons are shown as boxes. Restriction sites are SmaI (S), NsiI (N), and PacI (P). Oligonucleotides are
indicated by arrows and are designated as “a” and “b.” The expected fragments are indicated by the
dashed red lines. The 3’ external probe (purple box) identifies a 7.5-kb NsiI fragment in the wild-type
allele and a 4.6-kb fragment in the mutant allele. b, Analysis of transfected ES cells (left) and chimeras
(right) by genomic Southern-blot analysis with a 3’external probe. Mut=mutant allele.

4.3.2 Generation of chimeras and screening for germline transmissions
Chimeras were created from ES-clones (ES#44 and ES#134) by ‘Blastocyst
Injection’, since this method is known to yield chimeras with higher possibility of
germline transmission. This was done in our departmental facilities. The blastocyst
injection of ES#44 yielded three litters in which five chimeras were obtained out of
ten in the first litter, two out of twelve in the second and one out of seven in the third.
From clone ES#134 only one chimera was obtained out of 8 offsprings, a female. Five
males derived from ES#44 revealed 65-80% chimerism while one other male and two
females showed lower percentage. After several rounds of mating, three of the six
male chimeras obtain from ES#44 resulted in germline transmissions (the ones that
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showed 85% and 65% chimerism) (Fig. 8). The female chimera obtained from
ES#134 was not analyzed.

4.4 Targeting of the Satb2 locus in knock out and knock in mice.
4.4.1 Cre recombinase expression recapitulates Satb2 expression in Satb2Wt/Cre
brains
In order to analyze the function of Satb2 in cortical development, a knock-out mouse
where the second coding exon of Satb2 was replaced by Cre recombinase cDNA, was
generated in the Lab (Britanova et al., 2006b). In Satb2Wt/Cre brains, Cre mRNA and
protein were detected and both IHC and ISH revealed that its expression pattern was
almost identical to that of Satb2 (Fig.9 A-C). Double IHC with anti-Satb2 and antiCre antibodies revealed some Satb2-expressing cells that did not express Cre reporter,
however no ectopic Cre expression was found. Double IHC with anti-Satb2 and antiCre antibodies in Satb2Cre/Cre brains demonstrate that Cre and Satb2 expression is
mutually exclusive.
We did not found any differences between heterozygous and WT littermates in the
neocortex, although Satb2Wt/Cre animals display haploinsufficiency in jaw
development, this implies that expression of Satb2 from a single allele is sufficient to
ensure normal cortical development and that the function of Satb2 is not dosagedependent.
4.4.2 Expression of Satb1 recapitulates that of Satb2 in Satb2 Wt/Satb1 brains, but
Satb2 expression persists in Satb2 Satb1/Satb1 brain.
In order to test for successful Satb2 targeting and insertion of Satb1 coding sequences,
Satb1 expression was checked at the translational level by IHC. The deletion at the
genomic DNA level was validated earlier by southern blotting (Fig.4) and PCR
(Fig.4). Brains were isolated from heads of P0 pups. IHC with anti-Satb1 antibody in
Satb2Wt/Satb1 brains revealed Satb1 expression in cortical cells that normally express
Satb2 but not Satb1 (Fig 9 J-L). Although Satb1 ki construct is the same as Satb2 ko
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FIG 9. Cre Recombinase Expression Resembles Satb2 Expression in Satb2 Wt/Cre Neocortex
(A–C and F) In Satb2 Wt/Cre cortices, Satb2 (green) colocalizes with Cre (red), although there are a few
cells that express Satb2 only (arrowheads). (F) Higher-magnification view of boxed area in (C). (D and
E) ISH of Satb2 and Cre on E17.5 Satb2 Wt/Cre sections also reveals a very similar pattern. (G–I) A
small number of neurons in Satb2 Cre/Cre neocortex maintain Satb2 expression due to a rare exon
exclusion. The arrowhead indicates a cell that still expresses Satb2 but not Cre. (J–L) In Satb2 Wt/Satb1
cortices, Satb1 (green) colocalizes with Satb2 (red), although there are a few cells that express Satb1 or
Satb2 only (arrowheads) (L).
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construct, with the difference that cre recombinase was substituted by Satb1 coding
region, Satb2 protein expression was also detected in Satb2Satb1/Satb1 brains (Data not
shown). In order to reduce the dosage of Satb2 in Satb2Satb1/Satb1 mutant animals,
crosses between this line and Satb2Wt/Cre were performed. Mice with Satb2Cre/Satb1
genotype showed an ectopic expression of Satb1 in Satb2 expressing cells as well as
some Satb2 expression. Appropriate embryonic or adult positive and negative control
tissues were always included in the staining protocols (Fig.9).

4.5 Satb2 deletion in neocortical cell in Satb2Cre/Cre mice.
It has been shown that unlike in the branchial arch derivatives, Satb2 expression was
not completely ablated in the developing spinal cord in Satb2Cre/Cre mice (Britanova et
al., 2006b). Two Satb2 specific antibodies generated against two different parts of
Satb2 protein Ab1 and Ab2 (Britanova et al., 2005) were used in order to probe the
deletion of Satb2 in Satb2Cre/Cre neocortex. Ab1 antibody did not reveal any staining in
Satb2Cre/Cre brains whereas Ab2 antibody detected some scattered cells in the
developing cortex. There was a variation among different areas of the mutant
neocortex and among different animals in the number and distribution of cells
expressing Ab2. (Fig.10). However, cells that did not inactivate Satb2 expression in
the Satb2Cre/Cre brains did not express Cre either.
This data suggests the idea of an alternatively spliced form of Satb2, so that while the
Satb2 ko construct does express Cre protein, Satb2 is still detectable in Satb2Cre/Cre
brains.
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FIG.10. Distribution of cells that escape Satb2 deletion varies between different areas of the
mutant neocortex.
IHC with Satb2 (A, B) and Cre (A´´, B´´) in Satb2Cre/Cre brains.

4.6 Craniofacial phenotype of Satb2Cre/Satb1.
In a C57Bl/6 background, Satb2Cre/Cre neonates exhibit slight microcephaly,
small mouths, premaxillary and nasocapsular hypoplasia, micrognathia, and variable
incisor hypodontia and/or adontia (Britanova et al., 2006b). In Satb2Cre/Satb1 the
craniofacial abnormalities are not as severe as in Satb2Cre/Cre. The snout of adult
Satb2Cre/Satb1 animals is strongly truncated and occasionally asymmetric (Fig.11C) and
the animal also shows slight microcephaly accompanied by smaller cortex and thinner
Corpus Callosum (Fig.11 D’’’).
Satb1 and Satb2 are expressed in the palate, which is formed from two primordia, the
primary palate and the secondary palate. The secondary palate develops bilaterally as
two vertical projections, the palate shelves, which become oriented horizontally as
morphogenesis proceeds. The palate shelves approach each other and fuse medially.
In Satb2Cre/Satb1 there is a failure of the palate shelves to fuse, leading to a cleft palate
(Fig 12A, E). This problem can be due to misregulation of either the timing, rate or
extent of outgrowth of the palate shelves. Cleft palate problems were already reported
in Satb2Cre/Cre and mice heterozygous for this mutation (Britanova et al., 2006b).
Another important event in craniofacial morphogenesis is tooth formation. This
process is regulated by inducible tissue interactions between the oral epithelium and
the subjacent mesenchyme of the first branchial arch where both, Satb1 and Satb2 are
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expressed. One of the first steps in tooth formation is the invagination of the dental
lamina into the underlying mesenchyme. Satb2Cre/Satb1 shows abnormal convolutions
in the dental epithelium as well as cell aggregate formation in the condensed
mesenchyme (dental papilla) when compared with the wild type (Fig. 12C, G)
This data suggests that even thought Satb1 is expressed in the branchial arches, its
overexpression doesn’t compensate for the lack of Satb2. In Satb2Wt

/Satb1

the

craniofacial morphology is not affected most probably due to the normal Satb2
expression in these animals. However, Satb2Cre/Satb1 mice show abnormalities more
severe than the normal heterozygous mice for Satb2 deletion. The midline structures
connected to the upper and lower arcades are affected, as evident from the septal
cartilages overlying the upper jaws and parasagittal elements. Incisors and their
associated alveolar bone fail to form in each jaw quadrant (Fig.11 E’’’).
Overexpression of Satb1 seems unable to compensate for Satb2 function as regulator
of murine jaw and palate development and morphogenesis.
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FIG. 11 Craniofacial phenotype
Phenotypical comparison between Wt and Satb2Cre/Cre (A) and Satb2Cre/Satb1(C) mice. Arrowheads show
lower jaw malformation. (B) Computer tomography of Satb2 Cre/Cre (Data from Olga Britanova).
Comparative histological sections of nissel-stained wild-type, Satb2Cre/Cre and Satb2Cre/Satb1 neonates
(D-F) demonstrating the effect of gene dosage on upper jaw and palatal development. (E’’’)
Highlighting loss of parasagittal hard- and soft-tissue structures in Satb2Cre/Satb1. Arrowheads: midline
nasal septum upper molar tooth or bud and lower molar tooth or bud. med-medial epithelial seam (of
palate), mdi-mandibular incisor buds, mtg- molar tooth germ, nc-nasal cavity, t-tongue
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Fig 12. Satb1 and Satb2 expression in the midline structures connected to the upper and lower
arcades
Comparison between Wt expression in Wt and Satb2Cre/Satb1 in the septal cartilages overlying the upper
jaws (A,D,E;H) and parasagittal elements, such as incisors (B,F), molar (C,G) reveals several
malformations including reduction in teeth size and bone formation failure in their associated alveolar
bone in each jaw quadrant. Note the cell aggregates in the mutants (arrowheads)

4.7 Study of commissures in Satb2Cre/Cre, Satb2Satb1/wt and Satb2Cre/Satb1.

4.7.1. Satb2 mutants fail to form corpus callosum, but retain both hippocampal
and anterior commissures.
During development three major axonal tracts connecting the two cortical
hemispheres are formed: corpus callosum (C.C) hippocampal commissure (h.p) and
anterior commissure (a.c). Lack of Satb2 seems to affect two of them, C.C and a.c.
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Nissl staining based analysis of Satb2Cre/Cre brains has shown lack of C.C, a frequent
event in numerous mutations affecting cortical development (N=30). However, C.C
was always present in both heterozygote (N=10) and WT (N=30). On the other hand,
the a.c was thicker at the same rostro-caudal levels (Fig.14), whereas the hippocampal
commissure, a bundle of axons located caudally from C.C was not affected. IHC
staining of L1, a member of NCAM family of adhesion molecules that labels cortical
axons (Fukuda et al., 1997; Molnar et al., 2002), did not reveal formation of a Probst
bundle (Fig.14).This accumulation of fibers in the vicinity of the midline is associated
with phenotypes involving absence of C:C, where fibers fail to cross the midline.
Further studies of commissural projections using lipophilic tracer DiI were performed
with the help of Amanda Cheung. DiI travel along lipid membranes both
anterogradely and retrogradely thus enabling examination of both fiber trajectories
and cell morphologies. In experiments with P0 Wt animals where DiI was placed in
the a.c, most of the back-labeled cortical neurons were located in the insular cortex,
and 37% of them were Satb2+ (Fig. 13A). In Satb2Cre/Cre brains where there is not
C.C, 58% of DiI-labeled cells were Cre+, and they were seen originating from a more
dorsal position in the cortex (e.g., parietal cortex , including putative somatosensory
cortex) than in normal Wt brains (Fig.13). Moreover, when DiI was placed in the
presumptive somatosensory area, allowing the anterograde labeling of corticofugal
axons, cortical axons from this area were seen travelling via the external capsule to
a.c in KO (Fig.13C) whereas in Wt, axons from the same area were seldom seen
projecting to the a.c.(n=3) (Fig.13C, D). In WT, neurons from insular cortex also send
callosally-projecting axons. In a DiI/DiD double-labeling experiment, with DiI placed
in C.C and DiD placed in a.c, no double-labeled cell was found in the WT insular
cortex (data not shown) indicating that there are no dual-projections from insular
cortex neurons to both C.C and a.c.
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FIG 13. Commissural projection errors in Satb2Cre/Cre mice.
DiI labelling (red) from the a.c at P0. In WT, very few DiI-labeled cells were found in the lateral
cortex. No back-labeled cell was found in the dorsal cortex. In Satb2Cre/Cre, more cells were backlabeled from the somatosensory cortex. (A and B) DiI labelling from the presumptive somatosensory
cortex at P0. Cortical efferent fibers travelled via the external capsule to a.c. in Satb2Cre/Cre, but this
connection is almost absent in WT. All sections were counterstained with bisbenzimide (blue). Inset:
DiI placement. Scale bars, 500 mm (A and B), 200 mm (C and D), and 1 mm (insets).

4.7.2. Analysis of Satb2Satb1/wt and Satb2Cre/Satb1 brains do not reveal any
commissural problem.
Analysis of Nissl stained Satb2Satb1/wt and Satb2Cre/Satb1 brains did not reveal any
malformation in the three major tracts that interconnect the two hemispheres of the
cerebral cortex (Fig.14 C-D). We did however observed variable reduction in
Satb2Cre/Satb1 cortical size (D), but in none of the cases were any connections absent.
This data suggests that Satb1 expression under Satb2 promoter does not have an
influence on normal axonal development.

4.8 Afferent and efferent cortical axonal connections in Satb2 mutants are
misrouted
The expression of Satb2 coincides with the period of establishment of major cortical
afferent and efferent connections, such as the corticothalamic and thalamocortical
projections, and tracts passing through the cerebral peduncle. In experiments
performed by Amanda Cheung, DiI was used to label different pathways from the
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FIG 14. The Corpus Callosum and Anterior Commissure Are Affected by Satb2 Deletion but not
for Satb1 overexpression.
Nissl staining of P0 WT, Satb2Cre/Cre, Satb2Satb1/wt and Satb2Satb1/Satb2 brains at rostral (A, B, C and D)
and caudal level (A’, B’, C’and D’). Black arrowheads depict the c.c region (A’’, B’’ and B) and a.c.
(B) ICH of L1 on P0 WT and Satb2Cre/Cre brains shows that the c.c is missing in Satb2Cre/Cre
(arrowheads) (A’’and B’’).

cortex, thalamus, internal capsule and cerebral peduncle. DiI placed in the
presumptive somatosensory area at P0, anterogradely labeled corticofugal axons
(CFAs), and retrogradely labeled thalamocortical axons (TCAs). In Satb2Cre/Cre brains,
corticofugal connection through the internal capsule shifted to a more caudal position
and fewer cell bodies were labeled in the cortex when DiI was placed in the
presumptive somatosensory area. On the other hand, S1 cortical crystal placements
retrogradely-labeled cell bodies in the ventro-basal complex of thalamus (VB) and
showed a normal innervation of the thalamic axons in Satb2 mutant cortex (Fig.15AC). DiI placed in the VB or dorsal thalamus labeled TCAs and CFAs from
somatosensory area by anterograde and retrograde transports respectively and TCAs
traveled normally via the internal capsule to the cortex. However, similar to the
corticofugal pathway, the trajectory of thalamocortical pathway was also shifted to a
more posterior level in mutants. Thalamocortical innervation in the cortex was
reduced, and there were also fewer back-labeled corticofugal neurons in the KO
cortex (Fig. 15D-F).
A more careful examination of the distribution of subcortically projecting neurons,
which predominantly originate from deep layers 5 and 6, was performed in Satb2
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mutants. DiI was placed in the internal capsule or in the cerebral peduncle at P0. The
number of subcortically-projecting neurons present in the differentiating cortical plate
was increased from 1.69% to 6.10% in mutants when the cerebral peduncle was
retrogradely labeled (N= 1047), and from 13.10% to 21.52% in internal capsule
labeling (N=869) (Fig. 14 G, H). Colocalization of DiI labeling from the cerebral
peduncle with Satb2 or Cre recombinase by immunostaining further showed that the
lack of Satb2 induced more neurons (from 37% in WT to 64% in KO) to send efferent
connections to subcortical targets. There is a small population of cell that express both
Satb2 and Ctip2, but Satb2+ cells were never seen projecting to the spinal cord in WT
mice (N=87) (Fig. 15I). Since Satb2 mutants die after birth, we could not compare
data between mutants and WT animals at later time points.
All DiI and IHC colocalization data (including the previous section) are summarized
in Table 1. It indicates that Satb2-expressing neurons normally send their axons via
the corpus callosum, anterior commissure, internal capsule, but never to the spinal
cord. Without Satb2, the corpus callosum fails to form, and Cre-expressing UL
neurons send axons to targets that are normally form connections with deep layer
neurons, through the anterior commissure and cerebral peduncle.
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FIG 15. Abnormal Cortical Afferent and Efferent Connections in P0 Satb2Cre/Cre Mice
(A–C) Axonal labeling from the presumptive somatosensory area. (A and A’) Cortical neurons send
projections via the internal capsule to various targets; however, the fibers were seen travelling at a
more posterior level in Satb2Cre/Cre. (B and B’) Higher-magnification view of boxed areas in (A) and
(A’). (C and C’) Normal thalamocortical innervation in Satb2 KO was observed, as back-labeled cell
bodies were found in the ventrobasal complex of thalamus (white arrows). (D–F) Axonal labelling
from the ventrobasal complex of thalamus. (D and D’) Thalamocortical axons travelled to the cortex
via a more posterior level in Satb2Cre/Cre, and fewer axons were seen innervating the cortex (E and E’).
(F and F’) Moreover, fewer back-labeled corticothalamic cells were seen in the cortex in Satb2Cre/Cre.
(G and H) The percentage (± standard error of the mean) of DiI-labeled neurons from upper or deep
layers sending projections to the cerebral peduncle or the internal capsule shows that more neurons
from the upper cortical plate (arrowhead) send projections to subcortical targets in Satb2Cre/Cre. (H’’)
An example of a Cre-expressing neuron (green, arrowhead) being back-filled with DiI from subcortical
targets. (I) Satb2 was never expressed in Ctip2+ spinal cord-projecting neurons in normal brains (white
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arrow), although Satb2 and Ctip2 are coexpressed in some cells (yellow arrowheads). Scale bars, 500
mm (A and C), 200 mm (B, E, and F), 100 mm (H, H’, and I), and 50 mm (H’’). (J) A summary table
showing the percentage of Satb2- or Cre-expressing cells projecting to different targets by DiI
retrograde labelling in P0 Satb2 WT and KO brains, respectively. c.c, corpus callosum; a.c, anterior
commissure; i.c, internal capsule; c.p, cerebral peduncle; Sp.C, spinal cord. * The Sp.C data were
obtained by labelling P7 mouse spinal cord-projecting neurons with fluorescent latex microspheres
from the spinal cord.

4.9 Satb2 deletion causes changes in Eph/ephrin expression.
Expression analyses of molecules that are normally expressed at the dorsal midline
and regulate axon guidance (reviewed in Lindwall et al., 2007) were performed. In
situ hybridization of control and Satb2Cre/Cre brains at P0 for several members of
Ephrin-A and Ephrin-B gene families (Dufour et al., 2003) revealed changes in
expression of some of these ephrins and their receptors (Fig 16).
In the absence of ephrin A5 and EphA4, a subset of rostral TC axons adopts the
topographic behaviour of caudal TC axons in the ventral telencephalon. Projections of
the rostral TC axons in ephrin A5/EphA4 DKOs show a more caudal pattern in the
ventral epencephalon. While the bulk of TC axons from the rostral thalamus normally
invade the rostral domains of ventral and dorsal telencephalon, in mutants they are
present at more caudal levels both in the ventral and in the dorsal telencephalon
(Dufour et al., 2003). This phenotype is also reproduced in Satb2Cre/Cre, where the
mutants display caudalization of TC axons (Fig 15 D-F). Analyses of the ephrin A5
and EphA4 RNA levels in Satb2Cre/Cre reveal a reduction in both of them throughout
the CP (Fig.16 B, C), suggesting that the loss of Satb2 influences the levels of ephrin
A5 and EphA4 and causes caudalization of the TC axons in Satb2Cre/Cre mutants.
Further analysis of other members of Ephrin-A and Ephrin-B gene families has to be
done but these preliminary results suggest that Satb2 may act in combination with
these guidance molecules to control axon targeting of cells located in layers II-IV.
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FIG 16. Eph/ephrins signalling.
(A) Alterations in the Expression of Genes Encoding Axon Guidance Ligands and Receptors in the P0
Satb2 Mutant Cortex as Determined by In Situ Hybridization. Expression of ephrin a5 (B) and Eph A4
(D) is lost in superficial CP and layer 5 neurons in Satb2Cre/Cre ( B’, D’).
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4.10 Migration problems in Satb2Cre/Cre, Satb2Satb1/wt and Satb2Cre/Satb1.

4.10.1 Satb2 ablation leads to impaired migration of upper layer neurons
In order to investigate whether lack of Satb2 can influence the migration of neurons in
the cortex, additional BrdU pulse chase experiments were performed. BrdU was
injected into pregnant females at E13.5, E15.5 and E17.5 and the brains were
analyzed at P0. Cells undergoing the last mitotic cycle at the time of injection showed
high levels of BrdU on immunostaining. The pattern of migration of these cells is
indicated by the distribution of BrdU+ cells in the CP at later stages. Cells born at
E13.5 mostly become DL neurons with the exception of a minor Satb2 + fraction
(Britanova et al., 2006b). Injections at E13.5 show similar number and domain size of
BrdU-labeled cells between WT and KO (Fig.17A, B). Although, the entire layer of
BrdU+ cells was shifted towards the upper part of the CP in mutant animals while no
BrdU+ cells were detected in this area in WT. These differences in the position of
BrdU+ cells most probably are due to a problem in migration of later-born UL
neurons that fail to migrate past early-born DL neurons, and end up occupying more
superficial positions. Cells labeled at E15.5 did not migrate properly in the absence of
Satb2. Most of the cells born at E15.5 occupied upper cortical layers in WT, but they
were more dispersed in the KO (Fig.17 C, D).
Migration of cells born at E17.5 did not seem to be affected and BrdU+ cells were
found in the VZ/SVZ, IZ and CP in WT and Satb2Cre/Cre (Fig.17E, F).
In summary, Satb2 deficient cells failed to migrate past earlier born neurons and
attain proper outer-layer position in Satb2Cre/Cre.
4.10.2 Cells carrying Satb2Satb1/Satb1 and Satb2Cre/Satb1 mutations do not migrate
properly.
In order to investigate whether neuronal migration was also affected in Satb2Satb1/wt
and Satb2Cre/Satb1 mutant animals, we performed similar BrdU pulse chase experiments
as the ones done in Satb2Cre/Cre. Pregnant females were injected with BrdU at E13.5,
E15.5 and E17.5 and the brains were analyzed at P0.
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Most cells born at E13.5 occupied similar domain in WT, Satb2Wt/Satb1and
Satb2Satb1/Cre. At this stage BrdU-labeled cells are mostly located in the UL of the
cortical plate, and even if the number seems to be reduced, the distribution is not
affected (Fig.17 G). There is reduction the number of cells born at E15.5 in
Satb2Cre/Satb1 and they are located in the UL of the cortex but not in the VZ, whereas
Satb2Wt/Satb1 shows a normal distribution of BrdU+ cells as compared to Wt (Fig.17
H). The distribution of BrdU + cells born at E17.5 does not seem to be affected in
Satb2Cre/Satb1 when compared with Satb2Wt/Satb1; there is however a decrease in the
number of BrdU+ cells in Satb2Cre/Satb1 (Fig.17I).

FIG 17. Abnormal Migration of UL Neurons in Satb2-targeted Cells
(A and B) BrdU pulse labelling shows that cells born at E13.5 migrate similarly in WT (A) and
Satb2Cre/Cre (B) brains, but there are more cells in the superficial cortical plate (CP) in Satb2Cre/Cre. (C
and D) Cells born at E15.5 are found in the superficial CP in WT (C) but dispersed in Satb2Cre/Cre (D).
(E and F) Cells born at E17.5 are distributed in both WT (E) and Satb2Cre/Cre (F) across the CP,
intermediate zone (IZ), and ventricular zone/subventricular zone (VZ/SVZ).
(A’–F’) The distribution of BrdU+ cells along the radial axis of P0 WT and Satb2Cre/Cre neocortex.
BrdU pulse labelling at E 13.5(G-G’’’), E15.5 (H-H’’’) and E17.5 (I-I’’’) in Wt, Satb2Wt/Satb1 and
Satb2Cre/Satb1 don’t reveal major migration problems excepting E.15.5
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These findings indicate that the migration of neurons was not affected by Satb1
overexpression whereas the number of proliferating cells seems to be reduced in
Satb2Cre/Satb1

4.11 Satb2 is required to maintain genetic program of upper layers.
In order to determine whether lack of Satb2 influences the genetic program of other
cell types in the developing neocortex, the expression of several layer-specific genes
was analyzed. Changes in the expression of genes normally expressed in upper layers,
such as Brn2 were analyzed by IHC and that of Cux2 and Svet1 by ISH (McEvilly et
al., 2002; Nieto et al., 2004; Sugitani et al., 2002; Tarabykin et al., 2001; Zimmer et
al., 2004). Analysis of Satb2Cre/Cre brains did not show significant differences in the
number of Brn2+ or Cux2+ cells (Fig.18D, I). Svet1, that marks a subpopulation of
upper layer cells that are not expressed in the CP before E18.5 (Tarabykin et al.,
2001) was found to be ectopically activated in cells where Satb2 expression was
abolish.
To determine whether the expression of DL genes was also affected in Satb2Cre/Cre
mice, ISH and IHC with several deep layer markers was performed. ISH shows that
the expression domains of layer V and VI markers, Er81 (Fig.19D, H) and RoRβ (not
shown) in E15.5 and E17.5 mutant brains were not altered. Expression of Fezl was
also not affected by Satb2 mutation (not shown). Tbr1, a gene important for proper
specification of layer VI, and is expressed at high levels in subplate and at low levels
in some UL neurons, is not expressed by most Satb2 + cells at E15.5 (Britanova et al.,
2006a; Hevner et al., 2001; Tarabykin et al., 2001). However, the expression of Tbr1
at P0 in UL cells was down-regulated whereas its expression in DL cells was not
affected by Satb2 deletion. (Fig. 17 B, G). Brn2 (and also Brn1) are expressed in both
UL progenitors and postmitotic neurons with very similar expression patterns
(McEvilly et al., 2002; Sugitani et al., 2002). At P0, most cells in the IZ and CP coexpressed Satb2 and Brn2, although there were also two minor cell populations that
exclusively expressed either Satb2 or Brn2 (Fig.18D, I). The transcription factor
Nurr1, normally expressed in the subplate medially and in upper layers laterally, was
ectopically activated in Satb2 expressing cells in the medial part of the neocortex
whereas in the lateral cortex Nurr1 expression was shifted into deeper layers of the
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CP. However, the number of Nurr1 expressing cells in the lateral cortex does not
seem to be affected significantly (Fig.19B, F). Additional in situ hybridization
experiments with dorsal and medial cortex specific molecular markers (Id2, Oct6,
Fzd8, and Sfrp1) did not reveal any abnormal area specification (Fig 19 I, J, K, and
L).
Another gene that is expressed strongly in the developing neocortex and required for
its normal development is Sip1 (Miquelajauregui et al., 2007). It is highly expressed
in virtually all UL neurons and at lower level in many DL neurons (Fig 18 C, H). Colocalization studies comparing Cre and Sip1 expression in Satb2wt/Cre mice showed
that almost all Sip1+ neurons in upper layers co-expressed Cre. In deep layers a minor
population of cells that expressed Sip1 at high levels also expressed Cre. However,
most cells in deep layers expressed Sip1 at low levels, and did not express Cre. While
Sip1 expression in Satb2Cre/Cre UL neurons was strongly downregulated, expression in
DL cells was maintained. Interestingly, the scattered cells in upper layers that did not
down-regulate Sip1 expression did not express Cre either, indicating that they still
maintained Satb2 expression (Fig.18C, H).
Ctip2, a transcription factor that controls specification of DL neurons, is also required
for formation of corticospinal tract (Arlotta et al., 2005). As mentioned before, most
Satb2+ cells do not co-express Ctip2 at P0 (Fig5. D;Fig.18 A, F) but Satb2 ablation
changes Ctip2 expression dramatically and virtually all Cre expressing cells became
Ctip2+ in Satb2Cre/Cre (Fig. 18A, F).
Interestingly, single cells that did not show Ctip2 immunoreactivity in Satb2Cre/Cre
were the same cells that retained Satb2 immunoreactivity.
In summary, these results indicate that Satb2 is required to activate genetic program
of early UL neurons (high Sip1 expression, low Tbr1 expression) and conversely,
inactivate expression of genes specific for other neocortical sublineages, such as DL
cells (Ctip2 and Nurr1 expression) and late UL cells (Svet1 expression). Analysis of
cells that failed to inactivate Satb2 in the mutant cortices indicates that Satb2 is
required cell autonomously for specifying genetic program of early born UL neurons.

70

FIG 18. Ctip2, Tbr1, Sip1, Brn2 and Nurr1 Expression Levels Are Affected by Satb2 Deletion
(A and F) The majority of Cre-positive cells are Ctip2-negative in Satb2wt/Cre neocortex (empty
arrowheads), whereas in Satb2Cre/Cre virtually all Cre+ cells coexpress Ctip2 in the cortical plate (filled
arrowheads in [B] and [G]) The position of Tbr1-expressing cells of layers 5 and 6 (demarcated by
dashed lines) is not affected, but the expression of Tbr1 is downregulated in the upper layers of
Satb2Cre/Cre (filled arrowheads). (C and H) Most neurons in the upper layers coexpress Cre and Sip1 in
Satb2wt/Cre (white arrowheads); however, Sip1 is strongly downregulated in Satb2Cre/Cre. There are few
remaining Sip1-expressing neurons, but they do not coexpress Cre arrowheads. (D and I) Most cells in
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the upper layers co-express Brn1/2 and Satb2 (D)The numbers of Brn1/2-positive cells is not
significantly altered between Satb2Wt/Cre (D) and Satb2Cre/Cre cortex (I), but inSatb2Cre/Cre significantly
more Brn1/2-positive cells are located in the intermediate zone (IZ). In contrast to Satb2Wt/Cre most
cells in IZ of Satb2Cre/Cre are Cre/Brn1/2 double-positive. (E and J) Double-IHC of Nurr1 (red) with
either Satb2 or Cre (green) in E18 WT and Satb2Cre/Cre. Increased Nurr1 protein expression in the
neocortex was also observed in the Satb2Cre/Cre neocortex. Arrowheads point to Nurr1/Satb2 or
Nurr1/Cre double-labeled cells.

FIG.19 In Situ analysis of several cortical markers in Satb2Cre/Cre
(A–I) Svet1 and Nurr1 are activated ectopically in the Satb2Cre/Cre neocortex. (A–D) In E17 WT, Svet1
mRNA is detected in the SVZ and IZ, but not CP, whereas Nurr1 is detected in layers 5 and 6 and Er81
only in layer 5. (G–J) In Satb2Cre/Cre, both Svet1 and Nurr1 mRNAs are ectopically expressed in the CP
(arrowheads). In situ hybridization experiments with molecular markers of the dorsal cortex. Fzd8 (I,
K) and Sfrp1 (J, L) cortical domains of expression are not shifted in Satb2Cre/Cre (K, L) as compared to
the Satb2Wt/Cre (I, J).

4.12 Effect of ectopic expression of Satb1 in the neocortex.
4.12.1 Ctip2 expression is not repressed in Satb1 and Satb2 expressing cells.
Double IHC was used to address whether Satb2+ cells co-express Ctip2 in
Satb2Wt/Satb1 and in Satb2Cre/Satb1 brains (Fig.20A-C). While Satb2 ablation increase
Ctip2 expression in virtually all Cre expressing cells in Satb2Cre/Cre mice, Satb1
ectopic expression doesn’t change Ctip2 expression in the UL of the cortex.
Interestingly, the number of cells that express both these genes is dramatically
increased in Satb2Cre/Satb1. To further investigate the effect of Satb1 in Ctip2
expressing

cells

and

how

its

expression

is

affected

Satb2Cre/Satb1mutation, another double IHC was performed

in

cells

carrying
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FIG.20 Satb1 and Satb2 expression related with Ctip2.
There is an increase in the number of cells expressing both Satb2 and Ctip2 genes in Satb2Cre/Satb1 (C) in
comparison with the Wt (A) and Satb2Wt/Satb1 (B). Upper layers of the cortex are more sensitive than the
deep layers to Satb2 dosage as evidenced by Ctip2 expression (A-C, D-F). Satb1 does not have an
effect in Ctip2 expression (D-F).
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FIG.21.Triple colocalization between Satb1, Satb2 and Ctip2.
Satb1, Satb2 and Ctip2 expression in Wt (A), Satb2Wt/Satb1 (C) and Satb2Cre/Satb1 (D). 63x magnification
of Wt cortex. Arrowheads indicate that cells that colocalize Satb2 and Ctip2 and also express Satb1
(B´´´).
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Virtually all Satb1+ cells did coexpress Ctip2 in the wild type, and this population of
cells increased in Satb2Wt/Satb1 and in Satb2Cre/Satb1. Moreover, the upper layers of the
cortex seem to be more sensitive to Satb2 dosage than the deep layers (Fig.20D-F).
Finally a triple IHC with Satb1, Satb2 and Ctip2 antibodies was performed in order to
see if the cells coexpressing Satb1 and Satb2 are the ones that can not repress Ctip2
expression.
Analysis of the Wt brains reveals that almost all cells expressing both Satb1 and
Satb2 did not inactivate Ctip2 expression (Fig21 A).
This data together with the fact that Satb1-Satb2 seems to form heterodimers (data not
shown) suggest the possibility that these complexes may not activate transcription of
Satb2 target genes.
4.12.2 Satb1 ectopic expression affects expression of Tbr 1 but not Sip1 or Brn2.
The expression of several layer-specific genes that were affected by Satb2 deletion
was analyzed. Sip1, Tbr1, Brn2 expression was analyzed by IHC in order to
determine whether the ectopic expression of Satb1 under Satb2 promoter affects cell
type specific genetic programs in the developing neocortex.
No significant differences were found in the number and distribution of Brn2+ cells in
Satb2Wt/Satb1 and Satb2Cre/Satb1 whereas Sip1 expression seems to be reduced in the
most upper part of the UL in both. Tbr1 is the gene most affected, with a severe
reduction in the number of cells in Satb2Wt/Satb1 brains and complete absence of
expression in the case of Satb2Cre/Satb1 mutant brains (Fig.22). These results suggest
that Satb1 overexpression in Satb2+ cells alone can not inactivate genetic program of
early UL neurons, but in combination with Satb2 dosage reduction it can affect Tbr1
expression in UL.

75

FIG.22 Tbr1 expression is affected in Satb2Cre/Satb1
Sip1 expression is reduced in most upper part of UL (B) in both Satb2Wt/Satb1 (B’) and Satb2Cre/Satb1
(B’’). Tbr 1 expression is abolish in Satb2Cre/Satb1(C’’). Brn2 is not affected (D).
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4.13 TSA treatment induces changes in Ctip2 expression in cultured
cortical cells.
It is well established that histone modifications influence chromatin state and genome
functions, generating synergistic or antagonistic interaction affinities for chromatinassociated proteins (Jenuwein and Allis, 2001). One of the most studied modifications
is the deacetylation of lysines in the core histones, which is performed by histone
deacetylases (HDACs). The most potent of the known histone deacetylase inhibitors
(HDACIs) is trichostatin A (TSA), which belongs to the group of hydroxamic acids
and is active at nanomolar concentrations in vitro. In order to investigate if expression
of Ctip2 was repressed by Satb2 with the assistance of HDACs, in vitro experiments
were performed. Cortical cells were first dissociated and plated on coverslips in order
to establish the ideal concentration of cells for TSA treatment. After establishing that
0.8 million cells was a concentration sufficient to start any treatment, different
concentration of TSA were applied at different time points ( 6h, 12h 24 h) at different
embryonic stages ( E14.5, E16.5, E18.5, P2). Finally the actual experiment was done
at embryonic stage E18.5, during 24 h and with increasing concentration of TSA. In
control coverslips several cells expressing Satb2 but not Ctip2 could be identified.
After treatment with low dosage of TSA all cells started to express both proteins.
High dosage of TSA resulted in a coexpression in an exclusive manner of Satb 2 and
Ctip2 (Fig.23). However, spatially within the nucleus of such a cells, they can be
detected in mutually exclusive domains.
A very strong and rapid enhancement of acetylated forms of H4 at the nuclear
periphery is observed with a wide range of doses of (HDACIs) applied on a variety of
cell types (Taddei et al., 1999). Pericentric heterochromatin in cycling cells is
specifically responsive to prolonged treatment with HDACIs. At low doses, these
defined regions relocate to the nuclear periphery and lose their properties of retaining
heterochromatin protein 1 (HP1) proteins, which are spread throughout the
nucleoplasm. Intriguingly, such an effect on centromere nuclear localization is not
observed when the HDACI trichostatin A (TSA) is used for a short time or at high
doses on non-proliferating cells (Gilchrist et al., 2004).
The acetylation state of a chromatin locus results from the antagonist activities of
histone acetyltransferases (HATs) and histone deacetylases (HDACs) on pre-existing
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nucleosomes. These two activities are locally regulated. Indeed, inhibiting
deacetylases by trichostatin A (TSA) stabilizes the acetylation state of histone H4 in
euchromatin regions with a very strong efficiency at the nuclear periphery, whereas it
has no effect on heterochromatin regions (Taddei et al., 1999).
The concentration of parental histones must be diluted to generate a visible effect on
the nuclear organization of pericentric heterochromatin regions. The use of HDACIs
at high concentration (100 nM) prevents this by inducing immediate cell-cycle arrest
on proliferating cells, and is not observed at all on quiescent cells (Gilchrist et al.,
2004) This data suggest that, TSA has an effect on the regulation of Ctip2 by Satb2,
but it is not clear if it is a direct interaction.

FIG 23. TSA treatment in Cortical Cells Affects Ctip2 regulation by Satb2
Immunocitochemistry with Satb2 (A-C) and Ctip2 (A’’-C’’) in cells treated with increasing TSA
dosage. A’ arrowheads shows cells that express Satb2 but not Ctip2 in wt cells without TSA treatment.
C’’ arrowheads point cells were the nucleus was compartmentalized due to an excess of TSA. In this
cells Satb2 and Ctip2 coexpress but do not colocalizes in the nucleus.
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4.14 Satb2 expression in DL cells induces Ctip2 down-regulation and
impairs development of cortico-spinal tract.
Ex vivo electroporation approach was applied with the help of Manuela Schwark in
order to study the effect of ectopic expression of Satb2 in DL cells. In these
experiments, Satb2 expressing plasmid was electroporated together with GFP plasmid
into E13.5 lateral ventricles in “whole head” preparations. Electroporated brains were
sectioned and slices were incubated for two or three days. Most GFP+ cells activated
Satb2 expression (data not shown). The expression of Ctip2 was monitored in GFP
expressing cells (Figure 24A and 24B), we found that ectopic Satb2 expression had a
strong effect on Ctip2 as evident from the fact that only 12% of GFP-positive cells
coexpressed Ctip2. In contrast, 55% of GFP-positive cells were found to express
Ctip2 in control experiments where only GFP plasmid was electroporated.

FIG 24. Overexpression of Satb2 inhibits Ctip2 expression and impairs the formation of
corticospinal connections.
(A) GFP and Ctip2 (white arrowheads) coexpress on GFP-control brain slices electroporated at E13.5
(B) However, Ctip2 is not expressed in GFP+ cells that have been transfected with Satb2/GFP (empty
arrowheads).
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4.15 Satb2 interacts with both Ctip2 promoter and histone deacetylase
complex and controls chromatin remodeling.
Satb1, the closest homologue of Satb2, was shown to interact with specialized ATrich DNA sequences (MARs/SARs and BURs) and controls the expression of
multiple genes (Alvarez et al., 2000; Cai et al., 2003; de Belle et al., 1998; Yasui et
al., 2002). It has been shown that in the cortex Satb2 is part of a protein complex that
can interact with different MAR and AT-rich DNA sequences in vitro(Britanova et
al., 2005; Szemes et al., 2006). Therefore, DNA sequences that can be recognized by
Satb2-containing protein complex were investigated in the Ctip2 genomic locus.
Computer

algorithm

MAR-Wiz

(http://www.futuresoft.org/MAR-Wiz)

and

SMARTest (http://www.genomatix.de/products/SMARTest/) were used to predict
MARs in the vicinity of Ctip2 transcription start site. Both programs revealed a single
region located 3500 bp upstream of the Ctip2 transcription start site. In experiments
done by Olga Britanova, this DNA fragment was amplified by PCR, radioactively
labeled, and subjected to a binding reaction with nuclear proteins extracted from
E17.5 cortical cells. This assay resulted in a DNA mobility shift, indicating that there
is a protein complex in cortical cells capable of interacting with the sequence.
Addition of an unlabeled MAR DNA fragment in a concentration-dependent manner
marred the appearance of this band, confirming the specificity of the DNA/protein
interaction. Inclusion of an anti-Satb2-specific antibody in the DNA mobility shift
assay ‘‘supershifted’’ the specific band (Figure 24B). Chromatin immunoprecipitation
assay (ChIP) using a anti-Satb2 antibody was done by our collaborators Andrea
Gyorgy and Denis Agoston, in order to confirm this interaction in vivo. A Satb2
protein/Ctip2 DNA complex was detected by semiquantitative PCR with several pairs
of primers complementary to sites within 10 kb of the Ctip2 upstream region. ChIP
assay demonstrated that Satb2 protein binds within 3.5 kb upstream region of the
Ctip2 transcription start. However, this antibody failed to precipitate any DNA from
Satb2 mutant tissue (Figure 24C). We applied a similar approach to ask whether
chromatin remodelling at the Ctip2 locus was affected in the Satb2Cre/Cremice. Using
ChIP with antibodies specifically recognizing acetylated or methylated forms of
histone H4, a strong hyperacetylation was demonstrated in Ctip2 locus in cortical
cells of Satb2Cre/Cre. In contrast, the level of H4 methylation of Ctip2 locus did not
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seem to be changed (Figure 24C). Satb1 has been shown to interact with components
of the NURD chromatin remodelling complex (Yasui et al., 2002). We therefore
immunoprecipitated nuclear proteins isolated from E18 rat cerebral cortex with a
Satb2-specific antibody in order to detect possible binding of Satb2 to the NURD
complex. The experiment was done using rather cerebral cortex to enable easier
isolation of sufficient quantities of cortical tissue. Interaction of Satb2 with two
members of the NURD complex, histone deacetylases HDAC1 and MTA2, was
specifically tested using a coimmunoprecipitation assay. Immunoblots performed by
Kenneth Y. Kwan showed that both MTA2 and HDAC1 are coprecipitated with Satb2
in the presence of anti Satb2 antibody (Figure 24 D). As no Satb2, HDAC1, or MTA2
immunoreactivity was detected when using the control antibody, these experiments
indicate that, in the developing cortex, Satb2 interacts with HDAC1 and MTA2.
Occupancy of HDAC1 and MTA2 at Ctip2 locus in both wild-type and mutant P0
brains was then analyzed, in order to investigate whether the NURD chromatin
remodelling complex interacted with the Ctip2 locus and whether this interaction was
affected by a Satb2 deletion. ChIP experiments with HDAC1 and MTA2 antibodies
revealed that both proteins interact with the Ctip2 locus. Importantly, the interaction
was substantially reduced (3- to 6-fold) although not completely abolished in
Satb2Cre/Cre mice (Figure18A, F). This in vivo interaction is specific, since the negative
control region (GAPDH) was not amplified from samples precipitated with either of
the antibodies, but only from non-immunoprecipitated positive (input) control. There
was no difference between Satb2Cre/Cre mice and the wild-type samples in this region.
It is worth mentioning that in all ChIP experiments the entire cortex was used. Such
samples also contain many cells that did not express Satb2. This suggests that
differences in acetylation and NURD complex occupancy of the Ctip2 locus
specifically in UL cells are substantially higher than we detected. Together, these data
strongly suggested that Ctip2 is a direct target of Satb2 in the developing neocortex
and that Satb2 downregulates Ctip2 expression via the assembly of a NURD
chromatin remodelling complex at the Ctip2 locus.
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FIG 24. (A–D) Satb2 protein interacts with both the region upstream toCtip2 promoter upstream
region and histone deacetylase complex and controls chromatin remodelling. (A) Position of putative
Matrix Attachment Region (MAR, black box) within Ctip2 upstream region. Arrows show the location
of PCR primers for ChIP experiments. (B) Interaction of Satb2-containing protein complex with MAR
DNA from Ctip2 genomic locus in vitro. Gel mobility shift assay with radiolabeled MAR and nuclear
protein extract isolated from E17.5 neocortex. Lane 1: DNA sample without nuclear protein. Lane 2:
binding reaction with anti-Satb2 antibody and nuclear extract. Lane 3: binding reaction with nuclear
extract but without antibody against Satb2. Lanes 4 and 5: same as lane 3 with increasing amount (50
and 200 ng) of specific unlabeled competitor DNA without Satb2 antibody. (C) Semiquantitative
chromatin immunoprecipitation (ChIP) with Ctip2 locus DNA. ChIP assay was performed using
whole-brain or cortical tissue from P0 WT or Satb2Cre/Cre brains. An _500 bp DNA fragment
containing upstream part of Ctip2 DNA region (primer pair MAR1) or a negative control region
(GAPDH) was amplified from samples that were immunoprecipitated with anti-SATB2, anti-HDAC1,
anti-MTA2 as well as with antibodies against acetylated (H4 Ace) or methylated (H4 Met) forms of
histone H4, or normal rabbit serum as a negative control (data not shown). Left part of (C) shows gel
images of semiquantitative PCR; right part of (C) shows quantification of fold changes for ChIP with
H4 Ace, H4 Met, HDAC, and MTA2 antibodies. (D) Satb2 binds both HDAC1 and MTA2 in vivo.
Nuclear extracts (NE) from the E18 rat cortex were immunoprecipitated using either anti-Satb2 or
control antibodies. Following immunoprecipitation, bound (B) and free (F) fractions were separated on
gels and analyzed by immunoblotting using antibodies specific to Satb2, HDAC1, and MTA2. The
positions of Satb2, MTA2, and HDAC1 immunoreactive bands are marked on the left. Molecular
weight (MW) is shown in kDa on the right side.
(E) Model of Satb1 and Satb2 function in the cortical lamination. Satb2 is required to assemble NURD
chromatin remodeling complex on Ctip2 locus. This induces deacetylation of histones and inactivation
of Ctip2 expression but when its form heterodimers with Satb1 Ctip2 is not repressed. There are three
major subpopulations of neocortical neurons: DL neurons express Ctip2, some of them also coexpress
Satb2; UL1 neurons express Satb2 but not Ctip2; UL2 neurons express Svet1 but not Satb2. Satb2
inhibits UL2 and DL genetic programs.
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5. Discussion
5.1. Satb2 is required for cell-type specification of UL neurons in the
neocortex.
Satb2-deficient UL neurons upregulate expression of at least two transcription factors,
Ctip2 and Nurr1, which are normally only expressed by DL neurons. Presence of
Satb2 and Ctip2 is mutually exclusive in most neocortical cells at the time when they
start to establish connections with other neurons. However, there are some Satb2expressing cells that coexpress Ctip2. These double-positive cells seem to be the
oldest Satb2+ cells in the cortex. Our data suggest that these cells also contain Satb1,
offering the possibility of formation of Satb1- Satb2 heterodimers that may not be
able to repress Ctip2 expression anymore. We have shown that almost all cells in
Satb2Cre/Cre mice that have lost their normal expression of Satb2 activate Ctip2
ectopically, implying that Satb2 is a negative regulator of Ctip2. On the other hand,
Satb1 has no effect on Ctip2 expression. Interestingly, cells that escape Satb2
inactivation do not activate Ctip2 expression, while cells that expressed Satb2
ectopically in our electroporation experiments failed to turn on Ctip2 expression.
These results indicate that Satb2 controls Ctip2 expression in a cell autonomous
fashion. The transcription factor Sip1 that is expressed in both UL and DL neurons,
acts downstream of Satb2 in UL neurons. Downregulation of Sip1 in UL but not DL
neurons in Satb2Cre/Cre suggests that Satb2 is required for Sip1 expression in UL
neurons. This seems to be mediated through a cell-autonomous regulatory
mechanism, since expression of Sip1 was maintained in those cells of the upper layers
that did not inactivate Satb2
The expression of Satb1 ectopically in Satb2 expressing cells does not completely
compensate for Satb2 function in the maintenance of UL genetic program.
Experiments with Satb2Cre/Satb1 did not reveal any major changes in Sip 1 and Brn2
expression, although Tbr1+ subpopulation of UL cells seems to be abolished as in
Satb2Cre/Cre while Ctip2 shows an increase in expression in DL neurons. Satb2Wt/Satb1
showed milder phenotype or no changes at all when compared to Satb2Cre/Satb1. These
data suggest that Tbr1 and Ctip2 are more sensitive to Satb2, and that the defects
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caused due to reduction in Satb2 expression can not be fully compensated for by
Satb1.

5.2 Satb2 deletion leads to misrouting of UL projections to the internal
capsule and cerebral peduncle.
Satb2-deficient UL neurons failed to form the corpus callosum, a major fiber tract that
interconnects UL neurons between the cerebral hemispheres, some of this neurons
send their axons towards the cerebral peduncle, a feature normally associated
exclusively with layer 5 neurons. We have also shown an increase in the thickness of
the anterior commissure, another bundle of fibers interconnecting the two
hemispheres, in Satb2Cre/Cre. As shown in the DiI tract labelling experiment performed
with the help of Amanda Cheung, this could be due to a misrouting of c.c fibers
towards the a.c from a more dorsal region of the cortex (e.g., from parietal and frontal
cortical areas). The absence of Probst bundles can be explained by a reduction in the
number of callosal axons that arrive at the midline. Moreover, Satb2 deficient mice
display a caudalization phenotype, as evident in the present of axons at more posterior
levels. We have shown that Satb2 influences the expression of several axonal
guidance molecules of the Eph/ephrins family. It has been reported in
ephrinA5/EphA4 DKOs that deletion of these two genes leads to a caudalization of
TC axons (Dufour et al., 2003). This data prompted us to hypothesize that the
caudalization of TC fibers in Satb2 deficient mice is due to a reduction in EphA4 and
ephrin A5 expression.
It has been shown that Ctip2-deficient layer 5 neurons fail to extend projections to the
spinal cord (Arlotta et al., 2005). Ctip2 is not expressed in callosal neurons; therefore,
ectopic activation of Ctip2 in UL neurons of Satb2Cre/Cre mice may be the major
reason for the misrouting of UL projections to the internal capsule and cerebral
peduncle. Analysis of axonal projections of Satb2-positive cells shows those not only
do most callosally projecting cells but also many cells projecting to the anterior
commissure, as well as to internal and external capsules, express Satb2. Conversely,
spinal cord projecting neurons did not express Satb2. We conclude that Satb2 is
necessary for callosal connections, as its deletion results in rerouting of callosal axons
toward the anterior commissure, but does not prevent axons from going toward the
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internal capsule, the anterior commissure, or the external capsule. However, we can
not rule out the possibility that the increase in the number of anterior commissure
axons in Satb2Cre/Cre mice is a secondary, non-cell-autonomous effect of Satb2
ablation.
Satb2Cre/Satb1 mice do not show a severe axonal misrouting. All major fiber tracts are
present although there is a reduction in the size of C.C that wasn’t observed in
Satb2Wt/Cre indicating that Satb1 does not play a role in axonal connectivity.

5.3 Role of Satb2 in cortical lamination.
Our findings that Satb2 protein is not detected in young neurons for at least 9 hr after
exit from the mitotic cycle and deletion of such a late postmitotic gene leads to
maintenance of some aspects of DL laminar fate are surprising. It suggests that
aspects of laminar fate, such as the specificity of connections, are not terminally
determined at the level of progenitors, but rather at the level of postmitotic neurons.
Moreover, CP neurons might have the potential to maintain some characteristics of
both DL and UL longer than presently thought. This finding is unexpected because it
has been shown that the decision on whether a cell becomes a UL or DL neuron is
taken at the time of the terminal mitotic division, and UL progenitors cannot generate
DL neurons (Desai and McConnell, 2000).

5.4 Satb2 affects migration of cortical neurons.
Many Satb2-deficient UL neurons failed to migrate into their normal superficial
location and settled instead within the DL territory while the migration of DL neurons
does not seem to be affected in Satb2Cre/Cre mutants. This data indicates that the effect
of Satb2 on migration is cell-autonomous.
The differences in the position of DL neurons (cells labeled by BrdU at E13.5)
between WT and Satb2Cre/Cre brains most probably reflect the fact that the migration
of later-born UL neurons is affected. In fact, when later-born UL cells fail to migrate
past early-born DL neurons, DL neurons end up occupying more superficial positions.
However, it is not clear whether abnormal migration of UL neurons in Satb2Cre/Cre
mice is due to a general delay of migration of UL cells or to mistargeted migration
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into deep layers. The expression of Brn1 and Brn2, transcription factors that have
been shown to control migration of UL neurons, was not affected by Satb2 deletion.
Interestingly, migration of UL neurons as well as expression of Brn2 was not very
much affected in Satb2Cre/Satb1. These data suggest that ectopic expression of Satb1
may be able to rescue the defective migration seen in Satb2Cre/Cre

5.5. Craniofacial dysmorfologies in Satb2Cre/Satb1 mice
It has been shown that Satb2Cre/Cre mice displays several craniofacial abnormalities
(Britanova et al., 2006b). It seems that Satb2Cre/Satb1 partially display a similar
phenotype. Morphological analysis of Satb2Cre/Satb1 mice revealed that they show a
stronger phenotype that the one seen in Satb2Wt/Cre mice. We observed microcephaly,
hipodontia and defects in molar dental buds and the incisors in the Satb2Cre/Satb1 mice.
Generally all midline structures connected with the upper and lower arcades such as
septal cartilages and parasagital elements are reduced and the animals display cleft
palate.
These data indicate that Satb1 cannot fully rescue the function of Satb2 in the jaw and
palate development, even though it is expressed in the same regions of the branchial
arches.

5.6 Satb2 protein interacts with the NuRD complex.
Satb2, as its homolog Satb1, can interact with HDAC1 and MTA2, members of the
NuRD chromatin remodelling complex. The NuRD complex deacetylates histones in
its vicinity, converting the chromatin to an inactivate state. Satb2 deletion leads to
hyperacetylation of the Ctip2 locus and decreases HDAC1 and MTA2 levels at this
locus. Moreover, we have shown that Satb2 can interact with a MAR region at the
Ctip2 locus. These results strongly suggest that Satb2 is required to recruit the NuRD
complex to the Ctip2 locus in order to repress its expression.
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5.7 Satb2 is required to initiate UL1-specific genetic program and repress
Ctip2 expression.
Expression analysis of Satb2Cre/Cre mice indicates that, even if UL neurons in
Satb2Cre/Cre cortex lose their UL identity, they do not change completely into DL
neurons as evident from the finding that early UL neurons in Satb2Cre/Cre mutants
activate Svet1 expression. Our data indicate that there are at least two distinct UL
subpopulations. One subpopulation, which we term ‘‘UL1,’’ is mostly born between
E14.5 and E15.5 and expresses Satb2. UL1 cells do not seem to reside in the SVZ for
a long time, as we detected many of these cells in the CP as early as E14.5. Another
subpopulation, ‘‘UL2,’’ expresses Svet1. UL2 cells were first detected at E13.5 in the
SVZ, but seem to stay several days at this location before migrating to the CP at
E17.5 (Tarabykin et al., 2001). Colocalization experiments demonstrate that the
expression of Svet1 and Satb2 is mutually exclusive in the CP. However, it is possible
that Satb2 cells express Svet1 in the SVZ but downregulate it before starting their
migration. In Satb2Cre/Cre mice, Svet1 expression is ectopically activated in the CP as
early as E15.5 and is very strong at E17.5 although it was not possible to colocalize
Svet1 and Satb2 in the mutant brains, it is more likely that there is ectopic activation
of Svet1 expression in cells lacking Satb2 rather than premature migration of Svet1expressing cells from the SVZ towards CP. BrdU pulse experiments support the idea
that there is a delay rather than acceleration in the migration of UL neurons and rule
out the possibility of premature migration.
Satb2-deficient UL1 neurons represent a mixed identity as evident from its
upregulation of both DL- and UL2-specific gene expression. On the other hand, Satb2
is required to suppress other ‘‘non-Satb2+’’ cortical cell fates. In summary, our data
suggest that Satb2 is a crucial mediator for the specification of UL1 neurons. It is
required to initiate UL1-specific genetic program and to inactivate the expression of
DL- and UL2-specific genes. Our data also suggest that, at the molecular level, Satb2
is required to assemble the NuRD chromatin remodelling complex in order to prevent
expression of DL-specific genes in UL of the cortex.
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6. Conclusions
In the current study we investigated the role of Satb1 and Satb2 in the developing
neocortex. Molecular analysis shows that Satb1 is mostly expressed in a
subpopulation of Satb2 expressing cells in the cortex whereas Satb2, Svet1 and Ctip2
are expressed in different cell types.
Our work also shows that the lack of Satb2 leads to abnormal cell migration as well as
cortical connectivity. Corpus callosum and anterior commissure are the structures
more affected implicating a role of Satb2 in axonal connectivity. Satb2Cre/Satb1 animals
show a partial restoration of the axonal tracts but we can not rule out the possibility
that it is due to the residual Satb2 expression still present in this kind of mice.
The craniofacial abnormalities observed in Satb2Cre/Cre mice are still present in
Satb2Cre/Satb1 animals, but the degree of malformation is reduced as compared to
Satb2Cre/Cre animals. However, the phenotype is more severe than the one observed in
Satb2Wt/Cre animals indicating that overexpression of Satb1 in the branchial arches
does not completely rescue the craniofacial abnormalities observed in the Satb2
knockouts.
Also, in Satb2Cre/Cre mice, cortical expression of genes like Ctip2, Tbr1, Sip1 and Brn2
is affected, suggesting a role for Satb2 in the specification of laminar cell type
identity. Our data also indicates that the ectopic expression of Satb1 under Satb2
promoter cannot fully compensate for Satb2 function in cortical lamination.
We observed a dramatic upregulation of Ctip2 (a gene that plays a crucial role in
specifying the identity of corticospinal neurons) in cells where Satb2 was ablated. We
used several biochemical approaches in order to show the direct interaction of Satb2
with a MAR situated 3.500 bp away from exon 1 of Ctip2 gene. Moreover, we could
prove the direct interaction of Satb2 with MT1 and HDAC1, two of the components
of the histone deacetylase complex, NuRD. Therefore, we conclude that Ctip2 is a
direct downstream target of Satb2 and that Satb2 represses Ctip2 expression by
assembling the NURD chromatin remodelling complex at Ctip2 locus. Our findings
also suggest the possibility that Satb1 and Satb2 form heterodimers that may not
activate transcription of Satb2 target genes, as evident from the inability of Satb2 to
repress Ctip2 in cells coexpressing Satb1.
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We believe that Satb2 is a crucial mediator for specification of a subclass of UL
neurons (UL1) and is required to initiate the UL1-specific genetic program and
repress the expression of DL and UL2 specific genes.
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