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Abstract

Cell cycle regulation is believed to be crucial to nervous system development. In
this study, we investigated whether Rb plays a role in the expression of guidance
molecules involved in neuronal migration. We found an ectopic expression of robo2
gene, and an increase in the expression of neogenin gene in the developing cortex in
conditional Rb knockout mice, suggesting an involvement for Rb in the expression of
these genes. We also investigated whether deregulated activity of E2F1 is involved in the
defects observed in Rb mutant mice. Using mice with compound null mutations for Rb
and E2F1, we found that ectopic proliferation was rescued, and the aberrant laminar
patterning in the cortex was restored, while there was a partial rescue in the survival of
Cajal-Retzius neurons. Tangential migration of GABA-ergic interneurons, however, was
not rescued. Thus, we have demonstrated that E2F1 is involved in Rb mediated ectopic
mitoses, cortical laminar patterning, and partially, for the requirement of Rb in the

survival of Cajal-Retzius neurons.
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Introduction

I. Cortical Development

The vertebrate telencephalon is the most complex part of the brain unique to
mammals, and it is responsible for higher cognitive processes. Telencephalon can be
subdivided into two components: the cortex and the basal ganglia. Dorsal half of the
developing telencephalon is called the pallium, and it gives rise to the cerebral cortex and
the hippocampus. The ventral half called the subpallium gives rise to the globus pallidus
and the striatum, which make up the basal ganglia (Lavdas et al., 1999; Wichterle et al.,
1999; Wichterle et al., 2001). In the developing telencephalon, there are highly
proliferative zones called ganglionic eminences in the subpallium. Medial (MGE) and
lateral (LGE) ganglionic eminences reside in the rostral region, and caudal ganglionic
eminence (CGE) is found just caudal to MGE and LGE. LGE has been found to be the
primary source for the development of striatum and also contribute to the neuronal
population found in the olfactory bulb (Deacon et al., 1994; Stenman et al., 2003;
Wichterle et al., 2001). MGE produces cells found in both pallium and subpallium
(Anderson et al., 2001; Olsson et al., 1997; Wichterle et al., 2001). CGE also contributes
to the generation of pallium and subpallium, but it is thought to contribute distinct cell
types from MGE or LGE (Nery et al., 2002).

Adult neocortex consists of six layers and its generation is accomplished in a
highly organized manner (Figure 1). During corticogenesis neural precursor cells
proliferate in a specified layer called the ventricular zone (VZ) which lines the wall of the
lateral ventricle (Rakic, 1972). These precursors then exit the cell cycle and start the

differentiation process. Cortical development begins with the formation of primordial



Figure 1. The formation of cortical plate. Cortical projection neurons (green)
proliferate in the ventricular zone. Upon terminal mitosis, these neurons radially migrate
along radial glia (orange) to generate the cortical plate. The cortical plate is generated in
an “inside-out” manner where earlier born neurons generate deeper layers while later
born neurons (darker green) generate more superficial layers. The radial migration of
these neurons, and thus, the formation of cortical plate is directed by reelin expressing

Cajal-Retzius neurons (red) residing in the marginal zone.
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plexiform layer, or preplate (PP) above the ventricular zone (Rickmann and Wolff, 1981).
After this point, post mitotic neurons migrate radially from the ventricular zone to form
the cortical plate (CP) and split the preplate into superficial marginal zone (MZ) and
subplate (SP) which lies beneath the developing CP. The SP then gets separated from the
VZ by cell sparse intermediate zone (IZ), which later become the white matter. Later in
cortical development, a second proliferative layer called the subventricular zone (SVZ)
emerges.

A birth dating study by Angevine and Sidman in the 1960s using tritium (CH)
labeled thymidine demonstrated that cortical layer formation is accomplished in an
“inside-out” manner (Angevine and Sidman, 1961) (Figure 1). That is, earlier born
neurons make up the deeper layers, while later born neurons make up more superficial
layers with newly born neurons radially migrating outward. Radially migrating neurons
from the pallial VZ are the major contributor of projection neurons found in the CP
(Gorski et al., 2002) (Figure 1). Most of the GABA-ergic interneurons, in turn, are
derived from cells in the MGE, and arrive to the CP via tangential migration (Anderson et
al., 2001; Wichterle et al., 2001) (Figure2). These migrating cells acquire positional cues
from guidance molecules and receptors to navigate through the developing cortex. In this
section, I will focus on the two modes of migration: radial and tangential migration, and

guidance cues that are thought to be important for correct migration pattern.

Radial Migration
There has been a long debate over the mode of radial migration by newly born

neurons. The very first model of the radial migration was put forth by Berry and Rogers,



Figure 2. Tangential migration of GABA-ergic interneurons from MGE. In the
developing telencephalon, there are highly proliferative zones called lateral ganglionic
eminence (LGE) and medial ganglionic eminence (MGE) in the subpallium. Most, if not
all GABA-ergic interneurons destined to the cortical plate are generated in the MGE
(Anderson et al., 2001; Wichterle et al., 2001). These interneurons migrate tangentially
to their final destination in the neocortex (red arrows). Tangentially migrating
interneurons follow two distinct paths, where one group of neurons migrate through the

marginal zone while the other group of neurons migrate through the intermediate zone.
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who proposed that just prior to cytokinesis after completing the cell cycle, one of the
daughter nuclei leave the ventricular zone and migrate up to the CP (Berry and Rogers,
1965). Through Golgi staining of opossum cortex, Morest later proposed a similar model
called the somal translocation (Morest, 1970). In somal translocation, a newly born
neuron is bipolar, extending processes to the ventricular and pial surfaces. A cell will
commence migration upon detachment and retraction of the process from the ventricular
surface and travel to the CP. Subsequently, Rakic proposed yet another mode of
migration where migrating cells use thin fibers of radial glia as scaffolds (Rakic, 1972).
This was shown by serial sections of electron micrographs of the developing CP and the
migrating cells seemed to be maintaining an intimate association with the radial fibers.
These conflicting views of the modes of migration were finally resolved by the
observation that in fact both modes of migrations exist, but probably at different points
during development (Nadarajah et al., 2001). Real time imaging of the migrating neurons
revealed that at early stages during cortical development, the predominant form of
migration is via somal translocation while at later stages migrating neurons seem to use
glia guided locomotion (Nadarajah et al., 2001).

Reelin is thought to be critical for radial migration, and thus, proper formation of
cortical layers. It is a secreted protein that is produced by the Cajal-Retzius neurons of
the marginal zone. Cortical lamination mutant mouse, reeler, lack the expression of
reelin (D'Arcangelo et al., 1995; Ogawa et al., 1995). In reeler mouse, the cortical layers
are formed in a reversed, “outside-in” manner as opposed to the normal “inside-out”
fashion (Reviewed in (Caviness and Rakic, 1978). Subsequent studies showed that mice

lacking cytoplasmic adaptor protein, disabled 1 (Dab1), and cell surface receptors: very



low density lipoprotein receptor (VLDLR), and apolipoprotein E receptor 2 (ApoER2),
show similar phenotype to the reeler mouse, suggesting that these genes are involved in a
pathway downstream of reelin (Howell et al., 1997; Trommsdorff et al., 1999). It is now
known that reelin is a ligand for VLDLR and ApoER2 (D'Arcangelo et al., 1999;
Hiesberger et al., 1999) where activation of these receptors by reelin causes tyrosine
phosphorylation of Dabl and the downstream signaling affects cytoskeletal network and
cell motility (Hiesberger et al., 1999; Stolt and Bock, 2006). The cytoskeletal
rearrangement by reelin signaling seems to be accomplished by the activation of Akt and
Src family kinases (Ballif et al., 2003; Bock and Herz, 2003). It is known through yeast-
two-hybrid screen that Dab1 interacts with Src and Fyn (Howell et al., 1997). A
combined loss of Src and Fyn in mice shows a similar phenotype to the reeler mice,
providing evidence that these two kinases play crucial roles in reelin signaling (Kuo et
al., 2005). When phosphorylated by Fyn, Dabl is sent for degradation by proteosomes,
and this temporal reduction in Dabl level is thought to be important for transient
response to reelin signaling (Arnaud et al., 2003). In addition, mice lacking CDKS, a
member of the CDK family exclusively expressed in the post mitotic neurons, and p35,
an activator of CDKS, also show reversed cortical lamination pattern similar to reeler
(Chae et al., 1997; Gilmore et al., 1998). To elucidate the possible relationship between
reelin signaling and CDKS5/p35 singnaling pathways, mice that have combined defect of
reelin and CDK5/p35 were generated (Ohshima et al., 2001). Additional alterations in
either pathway resulted in extensive migration defects, suggesting that there is a
synergistic contribution to cortical laminar positioning by reelin and CDKS5/p35 signaling

pathways (Ohshima et al., 2001). A recent study has shown that phosphorylation of



Dabl by CDKS5 modulates interactions between Fyn and Dab1, providing further link
between CDKS5 and reelin signaling pathways (Ohshima et al., 2007). A recent study in
our lab indicated that mice lacking Rb specifically in the telencephalon also has a

defective cortical lamination patterning (Ferguson et al., 2005).

Tangential Migration

While cortical projection neurons migrate from the ventricular zone radially,
most, if not all GABA-ergic interneurons migrate to CP from the MGE and CGE through
tangential migration (Anderson et al., 1997; Tan et al., 1998; Xu et al., 2004) (Figure 2).
The idea that cells may not only migrate radially to make up the neocortex, but also
migrate in the tangential manner came from lineage studies using retroviruses (Austin
and Cepko, 1990; Reid et al., 1995; Walsh and Cepko, 1988). These studies showed that
clonally related cells not only resided in a simple column as suggested by radial
migration, but also existed in a tangentially dispersed manner. These results were further
supported by the finding that some cortical neurons disperse tangentially using cortical
slices and X-inactivation mosaics to trace clonally related cells (O'Rourke et al., 1992;
Tan et al., 1995). Later studies showed that cells originating from subpallium do in fact
migrate to the pallium via tangential migration, and that DIx 1 and 2 were important in
this process (Anderson et al., 1997). DIx1 and 2 are critical for the specification of the
cortical interneurons. These GABA-ergic interneurons directed to the neocortex were
found to originate from MGE, while LGE gives rise to various cell types in the olfactory
bulb and the striatum (Lavdas et al., 1999; Wichterle et al., 1999; Wichterle et al., 2001).

Recent evidences suggest that diverse subtypes of interneurons have distinct origins (Butt



et al., 2005; Nery et al., 2002; Xu et al., 2004). In vivo fate mapping assay have revealed
that interneurons arising from CGE have distinct nuclei from those originated in other
regions (Nery et al., 2002). Transplant assays have revealed that parvalbumin and
somatostatin positive interneurons arise from the MGE, while calretinin positive
interneurons arise from the CGE (Xu et al., 2004). Furthermore, electrophysiological
assays have revealed that at E13.5, the MGE gives rise to fast-spiking interneurons,
whereas the CGE gives rise to regular-spiking interneurons (Butt et al., 2005). Using
fluorescent tracer, Dil, Lavdas and colleagues found that tangentially migrating cells
follow two distinct paths (Lavdas et al., 1999). One group of cells migrates through the
MZ, while the other group migrates through lower IZ. Before entering the dorsal cortex,
it was found through pharmacological experiments that ambient GABA promotes
interneurons’ entry into the dorsal cortex (Cuzon et al., 2006). Once in the dorsal cortex,
these migrating interneurons show multidirectional tangential (MDT) migration where
interneurons may migrate rostrocaudally (Tanaka et al., 2006). Studies from our lab
indicated a specific population of cells migrating through marginal zone is largely

diminished in mice lacking Rb specifically in telencephalon (Ferguson et al., 2005).

Guidance Cues

Tangential migration of GABA-ergic interneurons is thought to be directed by
guidance cues classically thought to direct axonal guidance. These guidance cues include
Slit-Robo pathway and Netrin-DCC family pathway (Kennedy et al., 1994; Marillat et al.,
2002; Rothberg et al., 1988; Serafini et al., 1996; Yuan et al., 1999) (Figure 3). Slit was

originally identified in fly as a gene critical for keeping the integrity of longitudinal



Figure 3. Guidance cues and their receptors. A schematic representation of guidance
cues involved in axon navigation and neuronal migration. DCC mediates the attractive
cues from a diffusible ligand, Netrin. While neogenin can also bind Netrin, it interacts
with repulsive guidance molecule (RGM) with much higher affinity to mediate its

repulsive cue. Robo receptors mediate the repulsive cues from the Slit ligands.
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axonal tracts (Rothberg et al., 1988; Rothberg et al., 1990). Later studies revealed that
there are three homologs of the Drosophila Slit gene in mouse, and they interact with
roundabout (ROBO) receptor (Yuan et al., 1999). Robo is a transmembrane receptor of
immunoglobulin G (IgG) superfamily and mediates Slit’s chemorepulsive cue for axonal
guidance (Brose et al., 1999; Kidd et al., 1999). To date, three Slit genes (Slit1, Slit2,
and S/it3) and three Robo genes (Robol, Robo2, and Rigl) has been identified in
mammals (Marillat et al., 2002). Role for Slit/Robo pathway in interneuron migration to
the cortex was suggested with an explant assay using ventricular zone explant from the
ganglionic eminence (Zhu et al., 1999). The authors found that VZ explant was able to
repel GABA-ergic interneurons and blockade of Slit was sufficient to inhibit the
repulsive effect. Furthermore, the role for Slit genes in migration of interneurons to the
olfactory bulb in the rostral migratory stream (RMS), as well as migration of cortical
neurons has been well characterized (Hu, 1999; Wu et al., 1999). In adult mice lacking
Slit1, the SVZ derived cells that normally migrate rostrally to the olfactory bulb instead
migrated caudally to corpus callosum (Nguyen Ba-Charvet et al., 1999). In addition,
Sawamoto and coworkers have suggested that concentration gradient of Slit caused by
secretion of Slit into the cerebral spinal fluid acts as the directional cue for the RMS
(Sawamoto et al., 2006). The involvement of Slit/Robo signaling in interneuron
migration, however, have been challenged by studies of mutant mice where normal
tangential migration of interneurons from subpallium to pallium was observed in
Slit1/S1it2 null mice (Marin et al., 2003). It is possible that Slit/Robo pathway is
important for only a subset of migrating interneurons. It was also suggested that

Slit/Robo may be important for providing positional cues within CP once the
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interneurons reach the pallium (Marin et al., 2003). In a study involving Robo1 knock
out mice, it was found that significantly more interneurons migrated to the cortex
(Andrews et al., 2006). This phenotype is distinct from Slit knock out mice and the
authors suggested that there may be additional ligands, receptors or receptor partners in
Slit/Robo pathway (Andrews et al., 2006).

Netrin/DCC is another chemoattractive and chemorepulsive guidance cues
involved in axon path finding (Kennedy et al., 1994; Serafini et al., 1996). Although
netrin-1 and its receptor, DCC (deleted in colorectal cancer), have been implicated in
neuronal migration (Bloch-Gallego et al., 1999; Hamasaki et al., 2001; Yee et al., 1999),
it has been suggested that Netrin-1/DCC pathway is not involved in tangential migration
of interneurons (Anderson et al., 1999; Marin et al., 2003). Rather, Netrin-1/DCC are
critical for ventrally directed tangential migration of guidepost neurons (Kawasaki et al.,
2006). Neogenin is a related protein to DCC and it was found to be expressed in
neuronal cells during mouse development (Keeling et al., 1997). It was found to mediate
Netrin’s attractive cue like DCC, but it was recently found that neogenin can also
associate with repulsive guidance molecule (RGM) to mediate its repulsive cue for
axonal path finding (Rajagopalan et al., 2004). Although both Netrin and RGM bind to
neogenin, binding affinity of RGM for neogenin is much higher than that of Netrin
(Yamashita et al., 2007). A report by Park and coworkers describes an emerging role for
neogenin in cell migration (Park et al., 2004). Park and coworkers found that netrin-
neogenin signaling promotes migration of vascular smooth muscle cells during

angiogenesis (Park et al., 2004). In addition, neogenin was found to be expressed in both
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radially and tangentially migrating neurons, indicating that neogenin may have a role in

migration of newly born neurons (Fitzgerald et al., 2006).

II. Cell cycle

Cell cycle regulation is a key process during development that ensures the
maintenance of progenitor pool, generation of correct numbers of various cell types, and
correct timing of cell cycle withdrawal for cell differentiation. Retinoblastoma protein
(Rb) is considered the regulator of cell cycle, where its activity negatively regulates cell
cycle progression (Figure 4). Rb was the first tumor suppressor to be identified and
cloned, and acts as a negative regulator of cell cycle. Rb is a phosphoprotein and its
activity is regulated through phosphorylation by CDKs (reviewed in (Malumbres and
Barbacid, 2005). CDK activities are controlled by cyclins, which activate the CDK upon
binding, and CKIs, which inhibit the CDK activity. Hyperphosphorylation of Rb by
CDK’s results in its inactivation, and allows cells to enter S phase. One of the major
targets of Rb are the E2F family of transcription factors. Of those, the primary target of

Rb are the so called activating E2Fs.

Regulation of Rb activity in cell cycle

Cyclin dependent kinases (CDK) belong to a family of serine/threonine protein
kinases and they regulate Rb activity through phosphorylation (reviewed in (Malumbres
and Barbacid, 2005). These CDKs heterodimerize with their activating partners known
as cyclins. Best known partners for Rb phosphorylation are cyclin D and cdk4/cdk6, and

Cyclin E and cdk2 (Dowdy et al., 1993; Lundberg and Weinberg, 1998). Upon activation



13

Figure 4. Cell cycle progression is negatively regulated by Rb. A schematic
representation of cell cycle progression. Rb negatively regulates G1 to S phase
transition, and promotes cell cycle withdrawal. The activity of Rb is negatively regulated
by cyclin/CDK complexes, and cyclin/CDK, in turn, are negatively regulated by CDK

inhibitors (CKI).
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with mitogens, cyclin D/cdk4 or cyclin D/cdké complexes phosphorylate Rb in mid G1
phase (Matsushime et al., 1994; Meyerson and Harlow, 1994). Though phosphorylation
of Rb by Cyclin D1/cdk4 is an important step in the inactivation of Rb (Connell-Crowley
et al., 1997), sequential phosphorylation by Cyclin D1/cdk4 and Cyclin E/cdk2 seem to
be required for successful inactivation (Lundberg and Weinberg, 1998). It has also been
shown that another cyclin/cdk complex, CyclinC/cdk3, can promote GO to G1 transition
in some human tumor cells (Ren and Rollins, 2004).

While cellular mitogens can activate cyclin/cdk complexes, there are cyclin
dependent kinase inhibitors (CKI) that inhibit the activity of the CDK. There are two
families of CKIs that inhibit CDK activity. The first family, inhibitors of CDK4 (INK4)
family, p16 &4, p15 K4 518K and p19™K4 inhibit the activity of cdk4 and cdk6
(Chan et al., 1995; Guan et al., 1994; Hannon and Beach, 1994; Serrano et al., 1993).
Immunoprecipitation and in vitro phosphorylation experiments revealed that INK4 family
specifically binds to and inhibit the activity of cdk4 and cdk6 (Hannon and Beach, 1994;
Hirai et al., 1995; Quelle et al., 1995; Serrano et al., 1993). The second family, Cip/Kip
family, is comprised of p27Kip ! (Polyak et al., 1994), p21°" (Harper et al., 1993), and
p57Kipz (Lee et al., 1995). Cip/Kip inhibitors are more general inhibitors of cyclins, and
they could affect the activities of cyclins A, D, and E (Reviewed in (Sherr and Roberts,
1999). p21“*! is a potent inhibitor of cyclins A, D, and E, and cdk2 complexes and
prevents phosphorylation of Rb by these cyclin/cdk complexes (Harper et al., 1993; Lee
et al., 1995; Polyak et al., 1994). Also, overexpression of p57Kip2 in mammalian cells

was found to completely abolish cell cycle progression (Lee et al., 1995).
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E2F transcription factors

The first identified cellular target of Rb was the E2F1 transcription factor
(Bandara and La Thangue, 1991; Chellappan et al., 1991; Helin et al., 1993; Shan et al.,
1992). E2F was originally discovered as a DNA binding protein capable of activating
viral E2 promoter in an E1A dependent manner (Kovesdi et al., 1987). The importance
of E2F in cell cycle was highlighted when it was found that overexpression of E2F was
sufficient to drive G1 to S phase transition (Johnson et al., 1993). It is now known that
E2F binding sites are present not only on E2 promoter, but also on promoters of cell
cycle regulators like cyclin A/E, cdc2, Rb, and E2F 1, enzymes required for nucleotide
synthesis like dihydrofolate reductase, thymidylate synthetase, and thymidine kinase, and
proteins involved in DNA replication like cdc6, ORC1, and MCM proteins (reviewed in
(Trimarchi and Lees, 2002). The transcriptional activity of E2F1 was found to rely on its
obligatory dimerization partner, DP (Krek et al., 1993). Since its first discovery in the
early 1990s, there are now 8 E2F members (E2F1-8) that have been identified in the
mammalian system (de Bruin et al., 2003a; Di Stefano et al., 2003; Ginsberg et al., 1994;
Itoh et al., 1995; Ivey-Hoyle et al., 1993; Lees et al., 1993; Maiti et al., 2005; Trimarchi
etal., 1998) (Figure 5). Of those, E2F3, E2F6, and E2F7 loci produce alternatively
spliced variants (Dahme et al., 2002; Kherrouche et al., 2004; Leone et al., 2000). E2F3
locus encodes for two E2Fs called E2F3a and E2F3b (Leone et al., 2000), while two and
four isoforms of E2F6 have been found in mouse and human, respectively (Dahme et al.,
2002; Kherrouche et al., 2004), and two isoforms of E2F7 have been found (Di Stefano et

al., 2003). E2F1-6 are among the E2F family members that form heterodimers with their
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Figure 5. The E2F family of transcription factors. All E2F transcription factors
contain DNA binding domain (blue). E2F1, 2, and 3a are known as activating E2Fs
while the remaining E2F3b-8 are considered to be repressive E2Fs. E2F1-6
heterodimerize with their obligatory partner, DP, and contain hydrophobic domain
required for the dimerization with DP (pink). E2F1-5 contain pocket protein binding
domain in their C-terminals, where E2F1-3 solely bind to Rb, E2F4 interact with all three
pocket proteins, and E2F5 bind to p130. Marked box domain (MB) is thought to be

critical for binding to pocket proteins.
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obligatory partner, DP (Wu et al., 1995). In mammals, there are two DP (DP1 and DP2)
proteins present, and all possible combinations of E2F/DP exist in vivo (Wu et al., 1995).
E2F1-3a are called “activating E2Fs” as they are thought to be crucial for the
activation of genes required for G1-S phase transition (Wu et al., 2001). E2F3b-8 are
considered as the “repressive E2F” and they are poor activators of E2F promoter and
rather, they seem to repress the activation of these promoters. The activating E2Fs are
regulated solely by Rb binding as the activation of their target genes is achieved upon the
release of E2Fs from Rb (Lees et al., 1993). It has been shown that overexpression of
activator E2Fs are capable of driving quiescent cells into S phase (Johnson et al., 1993;
Lukas et al., 1996). Although E2F4 associates with Rb, and also has the ability to induce
S phase entry in G1 arrested cells upon overexpression, it could only be achieved through
simultaneous overexpression of DP1 (Lukas et al., 1996). Conversely, cell proliferation
is completely blocked when cells lack all three activating E2Fs (Wu et al., 2001).
Recently, it was revealed that removal of the activating E2Fs leads to the activation of
p53, the transcriptional activator of p21°'", causing cell cycle arrest (Sharma et al., 2006;
Timmers et al., 2006; Vairo et al., 1995). This evidence suggests that the activating E2Fs
are required for the S phase entry. It has been shown that the promoters of E2F
responsive genes are occupied by E2F4, p130 and p107 during G0/G1, and they are
thought to be repressing the activation of these E2F responsive genes (Takahashi et al.,
2000; Vairo et al., 1995). E2F3b associates with Rb in quiescent cells (Leone et al.,
2000), and this may explain the role for Rb as transcriptional repressor during quiescence

(Adams et al., 2000; Aslanian et al., 2004).
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III. Rb

Rb belongs to a family of so called pocket proteins, and the members of this family
include Rb, p107, and p130 and they all share two conserved domains called the pocket
domains A and B (Reviewed in (Claudio et al., 2002) (Figure 6). Both of the pocket
domains are essential for Rb to bind to its target proteins like E2F for repression (Chow
and Dean, 1996). The viral oncoproteins and many of the Rb interacting proteins contain
a conserved LxCxE motif, through which they bind to Rb (Lee et al., 1998), and Rb
interacts with this LxCxE motif through its B domain (Lee et al., 1998). In this pocket
domain, there is also an E2F binding site that is required for physical interaction with
E2Fs (Flemington et al., 1993; Helin et al., 1993). Rb inactivates E2F activity in two
ways: a) it physically inactivates E2F by binding to E2F transactivation domain; b) it
recruits HDACI1 (Luo et al., 1998), SWI/SNF factors (Dunaief et al., 1994), PcG (Dahiya
et al., 2001), and methyltransferase (Nielsen et al., 2001) to form heterochromatin for

repression of E2F responsive genes.

Rb as tumor suppressor

Rb gene was first discovered as the gene mutated in retinoblastoma, a malignant
tumor of the retina (Friend et al., 1986; Fung et al., 1987; Lee et al., 1987). Knudson
proposed that retinoblastoma was a result of a two hit model of genetic mutations
(Knudson, 1971), and these two mutations leading to retinoblastoma were found to be on
human chromosome 13 (Cavenee et al., 1983). The cloning of Rb gene (Friend et al.,
1986) and the identification of the mutations in both alleles of Rb gene causing

retinoblastoma (Dunn et al., 1988; Fung et al., 1987) supported Knudson’s hypothesis.
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Figure 6. The pocket domains of Rb family proteins. The pocket proteins Rb, p107

and p130 contain pocket domains A and B. The B domain contains E2F binding domain,
as well as LxCxE binding domain. p107 and p130 show higher homology to one another
than Rb, and they contain two B domains and contain cyclin A/E binding site (yellow) in

between A and B.
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Later findings revealed that Rb mutation was common in other forms of cancer like
osteosarcoma, lung carcinomas, and bladder, kidney, prostate and breast cancer
(Bookstein et al., 1990a; Friend et al., 1986; Fung et al., 1987; Harbour et al., 1988;
Horowitz et al., 1990; Lee et al., 1988; T'Ang et al., 1988; Xu et al., 1991). Viral
oncoproteins target and inhibit Rb by direct binding. Those include the adenovirus E1A
protein, SV40 T antigen (DeCaprio et al., 1988), HPV E7 protein (Dyson et al., 1989),
and large T antigen of polymaviruses (Dyson et al., 1990). When introduced into a
variety of tumour types, Rb is able to suppress tumourigenicity, arrest cell proliferation,
and induce cellular senescence (Bookstein et al., 1990b; Huang et al., 1988; Qin et al.,
1992). Together, these findings pointed to Rb as having an important role in cell cycle as

a regulator.

The role of Rb in differentiation

Involvement of Rb in differentiation of many cell types was suggested by the
finding that there was an increase in mRNA and protein levels of Rb upon induction of
differentiation in erythroid cells, muscle cells, neurons, and B-cells (Coppola et al., 1990;
Slack et al., 1993). In muscle, Rb was found to directly interact with and required for the
activity of MyoD, a basic helix loop helix transcription factor that regulates muscle
differentiation (Gu et al., 1993). Using primary fibroblasts lacking Rb, it was found that
Rb was not only critical for differentiation, but also for the expression of late
differentiation markers such as myosin heavy chain (MHC) (Novitch et al., 1996). A
tissue specific knockout for Rb with a use of Myf-5Cre:Rb floxed mice, which

specifically knocks out Rb in myofibers showed that these mice die shortly after birth
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with almost complete absence of myofibers and increased apoptosis (Huh et al., 2004).
Furthermore, removal of Rb after the differentiation of primary myoblasts did not affect
the maintenance of their differentiated state (Huh et al., 2004). These studies highlighted
that Rb is required for the induction of terminal mitosis, as well as late differentiation
genes, but not for the maintenance of differentiated state for muscle fibers.

Rb was suggested to have non-cell autonomous function in erythropoiesis.
Studies of the chimeric mice carrying wild type and Rb null cells showed relatively
normal development of erythrocyte, with an increase in nucleated erythrocytes only in
highly chimeric mice (Maandag et al., 1994). Inhibitor of differentiation protein, Id2, is a
known target for Rb, and seems to be critical for erythrocyte maturation. Id2 acts as an
antagonist to basic helix loop helix transcription factors involved in differentiation, and
binds directly to Rb (Iavarone et al., 1994). Double knock out mice deficient for Rb and
1d2 survived to birth and had normal erythrocyte development (Lasorella et al., 2000). A
recent study indicated that the defect in erythrocyte development was due to defects in
fetal liver macrophages, which are important for the enucleation of erythrocytes upon
contact with one another (Iavarone et al., 2004). The authors found that sequestration of
Id2 by Rb was required to reverse the inhibitory effect of Id2 on Pu.1, a transcription
factor critical for macrophage differentiation (Iavarone et al., 2004). In another report,
the role of Rb in the adult hematopoietic stem cells (HSC) was investigated (Walkley and
Orkin, 2006). It was found that Rb null HSCs contributed normally to myeloid and
lymphoid lineages, providing evidence that Rb is dispensable in terms of lineage

specification and self renewal of adult HSC (Walkley and Orkin, 2006).
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Role of Rb in Development

As the role for Rb as the cell cycle regulator was becoming apparent, the
importance of Rb during mammalian development became clear from the observations
that Rb deficient mouse embryos die around E14 (Clarke et al., 1992; Jacks et al., 1992;
Lee et al., 1992). These Rb-/- mice had defects in erythropoiesis where there were a
significant number of immature nucleated erythrocytes compared to the wild type (Clarke
etal., 1992; Jacks et al., 1992; Lee et al., 1992). Furthermore, these mice exhibited
ectopic mitoses and massive cell death in the central nervous system, especially in their
hindbrain, and defects in skeletal muscle, erythroid, and lens development. These
findings led to investigations for the role of Rb in the development of several tissues.
Surprisingly, it was recently reported that many of the defects observed in Rb null mice
are not cell autonomous, but rather are secondary effects due to abnormal placenta (de
Bruin et al., 2003b; Wu et al., 2003). Rb deficient embryos supplied with wild type
placenta were able to survive to term, and apoptosis in the CNS and erythroid
development was restored (Wu et al., 2003). In those mice, however, ectopic
proliferation persisted in CNS and in developing lens, and increased apoptosis was still
observed in the lens (de Bruin et al., 2003b). Additionally, these mice die at birth due to
persisting skeletal muscle defects. It was recently found that a specific loss of Rb in
trophoblast stem cell population was responsible for the development of abnormal
placenta (Wenzel et al., 2007). Together, these studies indicated that there are cell
autonomous, and non cell autonomous role for Rb during embryonic development, and

also suggests a role for Rb in the maintenance of stem cell population.
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Role of Rb in nervous system development

There have been ample evidences which suggest Rb to be an important regulator
of neuronal differentiation. As mentioned above, loss of Rb results in massive apoptosis
and ectopic mitoses within the nervous system (Clarke et al., 1992; Jacks et al., 1992; Lee
et al., 1992). In addition, Rb is highly expressed from E9.5 during neurogenesis (Jiang et
al., 1997). Studies using embryonal carcinoma cells revealed that Rb is up-regulated in
these cells when induced to differentiate into neuronal tissues in vitro (Slack et al., 1993).
In other experiments, Rb was found to be critical for the survival of differentiating
cultures of P19 cells, where E1A expression, and thus Rb inactivation, caused induction
of apoptosis in these cells (Slack et al., 1995). The importance of Rb in neuronal survival
was also highlighted in experiments where induction of apoptosis was seen with
expression of SV40 T antigen in cerebellar Purkinje neurons (Feddersen et al., 1995).
Similarly, conditional knockout of Rb and p107 in cerebellum caused inappropriate cell
cycle entry and increased apoptosis in cerebellar granule cells (Marino et al., 2003). In
addition, inactivation of Rb family proteins by E1A expression in cortical progenitor cells
induced to differentiate resulted in these neurons undergoing apoptosis (Slack et al.,
1998). Furthermore, ablation of Rb in post mitotic neurons did not affect their survival.
These studies demonstrated not only that Rb is required for the survival and successful
terminal mitosis of the neuron, but there is a specific time at which Rb is required for
survival (Slack et al., 1998).

In order to study the role of Rb in retinal development, Rb(lox) gene was
selectively inactivated using retroviral vector to introduce Cre recombinase in the retina

to study the role of Rb in retinal development. In this study, it was found that Rb is
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required in a cell autonomous manner for proper exit from the cell cycle in retinal
progenitor cells and for rod development (Zhang et al., 2004). Using a conditional knock
out approach, Rb was removed in retinal progenitors in p107 deficient mice. It was
found that loss of Rb and p107 does not affect proliferation or precursor specification, but
resulted in ectopic proliferation of these precursors (Chen et al., 2004). Another study
also using conditional Rb knockout in mouse retina showed inappropriate S-phase entry
and elevated apoptosis (MacPherson et al., 2004). During post natal development of the
retina in these mice, more widespread apoptosis was observed and the loss of
photoreceptors and bipolar cells was observed (MacPherson et al., 2004).

Studies using chimeric mice containing Rb deficient cells also revealed that
although ectopic mitoses were observed in the brain, abnormal apoptosis was not
observed (Lipinski et al., 2001). Conditional knock out of Rb in the CNS also resulted in
inappropriate entry into S phase but no elevated apoptosis (MacPherson et al., 2003).
Moreover, neural precursor cells cultured from Rb null mice can differentiate and survive
(Callaghan et al., 1999). These results added further evidence that massive apoptosis
observed in Rb null mice are due to hypoxia, and not the result of the loss of Rb (Wu et
al., 2003). Telencephalon-specific Rb deficient mice generated in our lab has shown
survival, ectopic proliferation of neural precursor cells, enlarged brain size, and defects in
radial and tangential migration (Ferguson et al., 2005; Ferguson et al., 2002).
Telencephalon specific Rb-deficient mice survived until birth and exhibited ectopic
mitoses where proliferating neurons were found outside of ventricular zones (Ferguson et
al., 2002). Conditional Rb deficient mice also showed neurons expressing Tbrl and

SCG10 appearing in the intermediate zone while it is only be expressed within the CP in
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the wild type (Ferguson et al., 2005). BrdU incorporation assay also revealed that
conditional Rb knockout showed delayed radial migration compared to the wild type
(Ferguson et al., 2005). Conditional Rb deficiency also affected survival of Cajal-Retzius
neurons in the marginal zone where there was a significant reduction in number of Cajal-
Retzius neurons in Rb deficient mice (Ferguson et al., 2005). Tangential migration was
affected in conditional Rb deficient mice, where there was a reduction in the number of
GABA-ergic interneurons taking the marginal zone migratory route (Ferguson et al.,

2005).

IV. E2F1

While having an important role in cell cycle progression as a member of the
activating E2Fs, E2F1 has a unique role in inducing cell death, and functions as a tumor
suppressor. E2F1’s role as a tumor suppressor was first hinted from the fact that
spontaneous cancer formation were observed some tissues in E2F1 deficient mice (i.e.
reproductive tract sarcoma, lung tumor, and lymphoid tumor (Field et al., 1996;
Yamasaki et al., 1996). The authors also noted that E2F1 was important for causing cell
death in T-lymphocytes as increased number of these cells was observed in E2F1 null
mice (Field et al., 1996). In addition, experiments involving overexpression of E2F1 in
fibroblast cells have been shown to cause cell death (Shan and Lee, 1994; Wu and
Levine, 1994). The ability of E2F1 to induce apoptosis is thought to be regulated by Rb
as there is an E2F 1 specific binding site at C-terminal domain of Rb, and this interaction

is thought to be sufficient for the regulation of apoptosis by E2F1 (Dick and Dyson,
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2003). Since the discovery of the pro-apoptotic activity of E2F1, many experiments have
been done to elucidate the mechanism by which E2F1 induces cell death.
E2F1 dependent cell death

It is now known that E2F1 is capable of inducing cell death in a p53 dependent
and independent manner (Holmberg et al., 1998; Wu and Levine, 1994). E2F1 promotes
p53 mediated cell death by directly upregulating proapoptotic cofactors of p53 like
ASPP1, ASPP2, IMY and TP53INP1 (Hershko et al., 2005). E2F1 can promote p53
stabilization by ARF expression, where ARF inhibits the activity of MDM2, which
causes ubiquitination of p53 for its degradation (Bates et al., 1998; Kubbutat et al., 1997).
E2F1/p53 mediated cell death can also occur in ARF independent manner. In this case,
p53 stabilization is promoted through Chk2 and ATM, both of which are involved in the
DNA check point pathway as response to genotoxic effects such as double stranded break
(Berkovich and Ginsberg, 2003). p53 independent induction of cell death by E2F1 is
thought to be mediated through p73, a p53 homologue (Stiewe and Putzer, 2000). p73
induces cell death by upregulation of proapoptotic gene, PUMA, which causes
cytochrome c release via BAX translocation to the mitochondria (Melino et al., 2004).
E2F1 can also transactivate apoptosis protease activating factor 1 (Apafl) as shown by
chromatin immunoprecipitation assay (Furukawa et al., 2002). Recent experiments have
now shown that in addition to Apafl, E2F1 is capable of upregulating proapoptotic BH3
proteins PUMA, Noxa, Bim, and Hrk/DP5 by direct translation (Hao et al., 2007;
Hershko and Ginsberg, 2004). In a recent report, the induction of apoptosis by E2F1 was
shown to require an obligatory binding partner, Jab1, as cells deficient in Jab 1 were

unable to undergo E2F1 mediated cell death (Hallstrom and Nevins, 2006).
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The ability of E2F1 to cause cell death has been documented in neuronal cells as
well (Fortin et al., 2004; Giovanni et al., 2000; O'Hare et al., 2000; Park et al., 2000). It
has been shown that proapoptotic protein SIVA is also a direct transcriptional target of
E2F1 and p53 in neurons, and is upregulated in stroke injury in mice, as well as DNA
damage induced by camptothecin in primary neurons (Fortin et al., 2004). Neuronal cell
death caused by DNA damage promotes CDK activity, leading to the inactivation of Rb,
and free E2F activity. Blockade of E2F activity by dominant negative DP1 protected
cortical neurons against cell death (Park et al., 2000). Neuronal cell death caused by beta
amyloid evoked toxicity and potassium deprivation are caused by E2F1 in a p53
independent manner. (Giovanni et al., 2000; O'Hare et al., 2000). E2F1-deficient
neurons were significantly protected both against B-Amyloid evoked cell death
(Giovanni et al., 2000) and cell death caused by potassium (K+) deprivation(O'Hare et
al., 2000). Consistent with the notion that E2F1 is an important factor in neuronal cell
death, E2F1 deficient mice have been shown to be protected against focal ischemic insult
(MacManus et al., 2003). In terms of regulation by Rb, consistent with the notion that
E2F1 has a pro-apoptotic property, it has been shown that additional loss of E2F1 extends
survival of Rb null embryos (Tsai et al., 1998). In Rb/E2F1 double null mice, the
survival of the embryo was extended to E17 from E15, which was seen in Rb null mice
(Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992). Moreover, the up-regulation of
pS3 was also suppressed in double null mutants (Tsai et al., 1998). These evidences point

to E2F1 as a key target for Rb in mouse development.
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V. Research Objectives

To date, the role of downstream targets for Rb and Rb interacting partners during
cortical development have not been addressed. Therefore, we aimed to: 1) Characterize
the guidance molecules involved in neuronal migration to assess whether Rb signaling
pathway was involved in their expression. 2) Assess to what extent E2F1 is a

downstream target for Rb during cortical development.

Hypothesis 1

Previous work in our lab has demonstrated that Rb deficiency leads to defects in
tangential migration of GABA-ergic cortical interneurons (Ferguson et al, 2005). Based
on the findings that migration of these interneurons are directed by migration cues, we
hypothesized that Rb signaling pathway mediates GABA-ergic interneuron migration
through regulation of guidance molecules.

To address this hypothesis, the objective was to characterize the expression of
guidance molecules involved in neuronal migration to determine whether Rb
deficiency altered their expression pattern.

In order to test this, we have generated telencephalon specific Rb knockout mice.
We then examined the expression pattern of Netrin-1, DCC, Neogenin, Slitl, Slit2, Slit3,

Robol and Robo2 in developing telencephalon using in situ hybridization.

Hypothesis 2
We have previously reported that telencephalon specific deficiency of Rb leads to

ectopic proliferation, defective laminar patterning, defect in survival of Cajal-Retzius
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neurons, and defective tangential migration of GABA-ergic interneurons (Ferguson et al,
2002; Ferguson et al, 2005). According to our previous report showing that activities of
E2F1 and E2F3 are deregulated in Rb deficient neural precursor cells (Callaghan et al.,
1999), we hypothesized that Rb regulates cortical development through E2F1
transcription factor.

To address this hypothesis, the objectives were as follows:

1) To determine whether deregulated activity of E2F1 is responsible for
ectopic proliferation. To test this, we have generated a compound knock out of
telencephalon specific Rb-/- and E2F1-/- mice. We then used a 2hr BrdU incorporation
assay to determine whether newly born neurons undergo ectopic proliferation in the
double knock out. If deregulated activity of E2F1 due to Rb deficiency is causing ectopic
proliferation, removal of E2F1 in telencephalon specific Rb deficient mice should correct
this phenotype.

2) To determine whether deregulated activity of E2F1 is responsible for
aberrant laminar patterning. To test this, we used cortical sections of telencephalon
specific Rb-/- E2F1-/- double knock out mice for in situ hybridization for Tbr1 and cresyl
violet staining. If deregulated activity of E2F1 due to Rb deficiency is causing aberrant
laminar patterning, removal of E2F1 in telencephalon specific Rb deficient mice should
correct this phenotype.

3) To determine whether deregulated activity of E2F1 is responsible for
decreased survival of Cajal-Retzius neurons. To test this, we immunostained cortical
sections of telencephalon specific Rb-/- E2F1-/- double knock out mice against reelin, a

marker for Cajal-Retzius neurons. We then quantified reelin positive cells in the
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marginal zone. If deregulated activity of E2F1 due to Rb deficiency is causing the
decrease in survival of Cajal-Retzius neurons, removal of E2F1 in telencephalon specific
Rb deficient mice should restore the number of reelin positive cells to control level.

4) To determine whether deregulated activity of E2F1 is responsible for
defective tangential migration of GABA-ergic interneurons. To test this we
immunostained cortical sections of telencephalon specific Rb-/- E2F1-/- double knock
out mice against calbindin, which marks a subset of tangentially migrating GABA-ergic
interneurons. We then quantified the number of calbindin positive cells migrating
through the marginal zone. If deregulated activity of E2F1 due to Rb deficiency is
causing defective tangential migration, removal of E2F1 should correct the number of

cells migrating through the marginal zone to control level.
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Materials and Methods
Mice

Floxed Rb-F19 mice generated previously (Vooijs et al., 1998) were obtained
from the Berns Laboratory (The Netherlands Cancer Institute). Germline E2F1 knockout
mice were obtained from the Jackson Laboratory (Bar Habor, ME). These germline
E2F1 knockout mice were generated previously (Field et al., 1996) and were maintained
on a C57Bl/6 background. Mice were backcrossed to FVB/N genetic background over 6
generations and were maintained on this genetic background. Germline E2F1 knockout
mice were generated by crossing heterozygous (E2F1+/-) mice. Telencephalon specific
Rb knockout mice were generated by crossing Floxed Rb-F19 mice to Foxg-1 Cre mice
(Hebert and McConnell, 2000), as reported previously (Ferguson et al, 2002; Ferguson et
al, 2005) and were maintained on a FVB/N background. Telencephalon specific Rb:
germline E2F1 double knockout mice were generated by crossing Rb flox: germline
E2F1 deficient mice (Rbf-/-:E2F1-/-) and mice triple heterozygous for Rb
flox:E2F1:Foxg-1 Cre (Rbf+/-:E2F1+/-:Cre+/-). For embryonic time points, the time at
which plug had been identified was considered embryonic day (E) 0.5. All experiments
were approved by the University of Ottawa Animal Care facility’s ethics committee,

which adheres to the Guidelines of the Canadian Council on Animal Care.

DNA Extraction
For DNA extraction, tail clippings from adult mice or embryonic tissue was
dissolved in 500uL of extraction buffer (100mM Tris, SmM EDTA, 0.2% SDS, 200mM

NaCl dissolved in dH,O, pH8.0) mixed with 10ng of proteinase K (Gibco, 25530-031)
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for overnight at 55°C. Phenol/Chloroform extraction for DNA was then carried out.

First, 500uL of phenol: chloroform was added to the dissolved sample and each sample
was shaken and incubated at room temperature for 10min. Samples were then
centrifuged for Smin at 12000 rpm at room temperature. The upper aqueous layer was
transferred to a fresh eppendorf tube and 500uL of ice cold isopropanol was added. The
samples were mixed by inversion and centrifuged for Smin at 12000 rpm. The aqueous
layer was poured out and the samples were washed with 70% ethanol and dried on a heat

block set at 55°C. Isolated DNA samples were dissolved in 50puL of TE buffer (10mM

Tris, 1.0mM EDTA, dH,0, pH8.0) and stored at -20°C.

Polymerase Chain Reaction (PCR)

Mice were genotyped for E2F1 using previously published protocol by Field and
colleagues (Field et al, 1996) and genotyped for Rb flox and Cre, according to the
previously published protocol by Ferguson and coworkers (Ferguson et al, 2002; 2005).
The primers used for E2F1 were: 5’-GGATATGATTCTTGGACTTCTTGG-3’
(Forward, WT and mutant), 5’-CTAAATCTGACCACCAAACGC-3’ (Reverse, WT),
and
5’- CAAGTGCCAGCGGGGCTGCTAAAG-3’ (Reverse, mutant). Two separate
reactions were carried out to detect wild type gene and mutant gene. The following

condition was used for PCR for E2F1 gene: 94°C for 5min, 94°C for 35sec, 57°C for
35sec, 72°C for 1min, 72°C for 5min for 27 cycles. Genotyping for Rbflox and Cre were

carried out according to previously published protocol (Ferguson et al, 2002, Ferguson et

al, 2005). The primers used for genotyping for Rbflox were: Rb18 5°-



33

GGCGTGTGCCATCAATG-3’ and Rb 19 5’-AACTCAAGGGAGACCTG-3’. The

condition used for PCR for Rbflox gene were: 94°C for Smin, 94°C for 30sec, 58°C for

30sec, 72°C for 50sec, 72°C for 10min for 30 cycles. The primers used for genotyping
for Cre were: 5’-TGACCAGAGTCATCCTTAGCG-3’ and 5°-
AATGCTTCTGTCCGTTTGCC-3’. The conditions used for PCR for cre gene were:

94°C for 2min, 94°C for 1min, 56°C for 1min, 72°C for 1min30sec, 72°C for 5min for

30 cycles. PCR products for Rbflox and E2F1/Cre were run on 2% and 1% agarose gel,
respectively, containing ethidium bromide (Sigma, E1510-10ML). For E2F1, 170bp
band was observed for the wild type allele, and 230bp band was observed for the mutant
allele. For Rbflox, 650bp band was observed for wild type allele and 750bp band was
observed for the floxed allele. DNA bands were visualized with and Alphalmager 2200

(Alpha Innotech Corporation).

Tissue fixation and cryoprotection

Pregnant females were sacrificed by injection of sodium pentobarbital (900mg/kg
body weight). Embryos were dissected out of the pregnant females, and fixed in a 4%
paraformaldehyde (PFA) dissolved in phosphate buffered saline (PBS), pH 7.4 overnight.

Fixed embryos were then cryoprotected by saturating in 12%, 16% and 22% sucrose
dissolved in PBS in a sequential order at 4°C. Tissues were then embedded in OCT
(TissueTek 4583) and frozen on dry ice. Frozen tissues were sectioned into 14pum

sections at -20°C using a cryostat (Microm, HM500) and collected on Superfrost Plus®

slides (Fisher Scientific, 12-550-15) and stored at -80°C.
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In situ hybridization

Non-radioactive in situ hybridization using digoxygenin probe was carried out as
previously described (Wallace and Raff, 1999). Tbrl (Bulfone et al., 1995), neogenin
(Masu and Masu, 1996), DCC, Netrinl (Serafini et al, 1996), Robol, Robo2, Slitl, Slit2,
and Slit3 probes were obtained from Dr. Elke Stein (Yale University, CT). Probes were
labeled using DIG RNA labeling kit (Roche, 1277073). Labeled riboprobes were
extracted by adding 2.5uL. of 4M LiCl and 75pL of prechilled ethanol. The mixture was
then incubated at -80°C for 30min. Samples were then centrifuged for 15min at 13000 x
g. After decanting the supernatant, the samples were washed with 50pL of ethanol and
centrifuged for 5Smin at 13000 x g. The pellets were then dried, re-suspended in 50pL of
DEPC water and stored at -80°C.

The in situ hybridization was carried out over the course of three days. On day 1,
probes were diluted in a range of 1:500 to 1:1000 with hybridization buffer (1X SSC
(0.15M sodium chloride and 0.015M trisodium citrate), deionized formamide, 10%
dextran sulfate, Img/mL rRNA, 1X Denhardt’s, dH,0), and denatured for 10min at 70°C.
The diluted probes were then applied to each slide and the slides were covered with a
cover slip. Slides were incubated in an incubation box lined with Whatman paper soaked
with 50% formamide/10X salt solution at 65°C overnight.

On day 2, the slides were washed with a fresh wash buffer (1X SSC, 50%
formamide, 0.1% Tween-20, dH,0) three times for 30min each at 65°C with rocking.
Samples were then saturated in 1X MABT (50 mM maleic acid, pH 7.5, 250 mM NaCL

and 0.1% Tween 20) for 4X at 20min at room temperature. Sections were then blocked
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with a blocking solution (20% heat-inactivated sheep serum, 2% blocking reagent
dissolved in 1X MABT) in a humidified slide box for 1hr. The blocking solution was
aspirated and anti-DIG antibody (BM, 1093274) diluted 1:1000 in blocking solution was
applied to the slides. The slides were then incubated in a humidified slide box overnight
at room temperature.

On day 3, samples were rinsed in MABT for 20min at room temperature with
rocking for 5 times. Slides were then washed twice with pre-stain solution (100mM
NaCl, 50mM MgCl,, 100mM Tris pH 9.0, 0.1% Tween-20) for 10min at room
temperature. Slides were then incubated in staining solution (100mM NaCl, 50mM
MgCl,, 100mM Tris pH 9.0, 0.1% Tween-20, 10% PVA, 4.5uL/mL NBT (4-nitro blue
tetrazolium chloride), 3.5uL/mL BCIP (x-phosphate/5-bromo-4-chloro-3-indolyl-
phosphate), dH,0) in the dark at room temperatﬁre for several hours until the reaction
takes place. The staining reaction was stopped by washing the slides with 1X PBS for
10min at room temperature with rocking several times. Cover slips were then mounted

with 1:3 glycerol:PBS and sealed with a clear nail polish. Slides were stored at 4°C.

BrdU labeling and Immunohistochemistry

To assess ectopic proliferation, pregnant females were injected with 50pg BrdU/g
body weight 2 hours prior to sacrifice. For the detection of BrdU, sections were first
rehydrated in 1X PBS for Smin at room temperature. Slides were then incubated in pre-
warmed 2N HCI for 10min at 37°C. Samples were then incubated in 0.1M Na;B40,
pHS8.5 solution for 10min at room temperature. Slides were then rinsed three times with

1X PBS for 5min at room temperature. Slides were then incubated with mouse
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monoclonal anti-BrdU (BD Biosciences, 347580) dissolved 1:50 in 1X PBS overnight at
room temperature. The next day, slides were washed three times with 1X PBS for 10min
each at room temperature. The slides were then incubated for 1hr in Goat anti-mouse
Cy3 (Molecular Probes) dissolved in 1X PBS at 1:500 dilution. Slides were then washed
three times with 1X PBS for 10min at room temperature.

For calbindin and reelin, an antigen retrieval was first performed. Sections were
rehydrated in 1X PBS for Smin at room temperature. Slides were incubated in the
retrieval solution (10mM Sodium Citrate, pH6.0 in dH,O) and were placed in a
microwave for 30seconds, or until boil, and then cooled on ice for Smin. The process
was repeated three times. The slides were then washed in 1X PBS three times for Smin at
room temperature. Samples were then immunoblocked with a block solution (5% normal
goat serum, 0.1% BSA, 0.1% Triton-X 100 in 1X PBS) for 1 hr at room temperature.
The samples were then incubated in mouse monoclonal anti-Reelin G10 (1:500,
Calbiochem, #553731) or rabbit polyclonal anti-calbindin D28 (1:1000, Chemicon,
AB1778) diluted in immunoblock solution overnight in a humidified slide box at room
temperature. The next day, samples were washed three times with 1X PBS for 10min at
room temperature. Samples were then incubated with secondary antibodies for 1hr at
room temperature. The secondary antibodies used were goat anti-rabbit 488 Alexa
(Molecular Probes) for calbindin and goat anti-mouse 488 Alexa (Molecular Probes) for
reelin. Samples were then washed three times with 1X PBS for 10min at room
temperature. For all immunohistochemistry, cover slips were mounted with 1:3

glycerol:PBS and sealed with a clear nail polish.
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Cresyl Violet Staining

For cresyl violet staining, samples were incubated in a 1:1 0.2% cresyl
violet:dH,O solution for 10min at room temperature. The slides were then washed under
running tap water for 10min. The sections were then dehydrated in sequential manner in
dehydration baths (60-100% ethanol) for 30sec each. Finally, the sections were
incubated in xylene solution and cover slip was mounted with Permouont (Fisher, SP15-

100).

Microscopy

All sections were examined using a Zeiss Axioskop 2 microscope. Standard
fluorescence was used for immunohistochemistry and brightfield/darkfield settings were
used. Objectives used were X10 0.17 or X20 0.17 NA objectives. Images were obtained
using a Sony Power HAD 3CCD camera using a Northern Eclipse software. Figures
were assembled using Adobe Photoshop CS2 software and corrections for brightness and

contrast were made equally for all images.

Quantification of labeled cells

BrdU labeled cells were counted over 650um along the dorsal cortex, and
expressed as the mean of at least three matched sections per embryo. Quantifications
were done in three regions: ventricular/subventricular zone, intermediate zone, and
cortical plate. Reelin positive cells as well as total cells residing in the marginal zone

were counted from dorsal and temporal cortex, each over 500um along the marginal
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zone. The number of cells were quantified and expressed as the mean of at least four
matched sections from an embryo. Calbindin positive cells migrating through the
marginal zone were counted from a 500um along the marginal zone, starting from the
dorsal most region where calbindin positive cell has migrated. The number of cells were

quantified and expressed as the mean of at least four matched sections from an embryo.

Statistical Analysis

All error values are expressed in standard error of the mean (SEM). Significant
difference for numbers of BrdU labeled cells, reelin positive cells, total cells in the
marginal zone, and calbindin positive cells were assessed using analysis of variance
(ANOVA) with a post hoc Tukey test. The statistical significance was assessed at values

of P<0.05.
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Results

I. Role of Rb in the expression of guidance molecules
Robo2 is ectopically expressed in telencephalon specific Rb null mice

During cortical development, interneurons arising from the medial ganglionic
eminence (MGE) tangentially migrate through two distinct paths, where one group of
neurons travels through the marginal zone, while the other group travels through the
intermediate zone (Lavdas et al., 1999). Previously, our group has reported that
tangentially migrating, Calbindin positive interneurons are largely diminished from the
marginal zone in the telencephalon specific Rb knockout mice (Ferguson et al, 2005).
Using slice co-culture assay, we also reported that the defects in the tangential migration
of these interneurons were cell autonomous (Ferguson et al, 2005). A classical axon
guidance cue, Slit-Robo pathway, where Slit is the secreted ligand and Robo is the
receptor for Slit (Brose et al., 1999; Kidd et al., 1999), has been implicated in directing
interneuron migration as mediating repulsive cues (Zhu et al., 1999).

Since there was defective tangential migration in conditional Rb knockout mice,
we asked whether Rb plays a role in regulation of the expression of guidance molecules.
To address this question, [ have performed in situ hybridization using DIG-labeled Slitl,
Slit2, Slit3, Robol, and Robo2 riboprobes on cortical slices from telencephalon specific
Rb knock out mice and Rb(floxed)+/-:Cre+/- double heterozygous littermate embryos as
controls. In developing telencephalon, Slitl is expressed in cortical plate, as well as
MGE and LGE (Yuan et al., 1999). In contrast to Slitl, Slit2 and Slit3 are weakly
expressed in the developing telencephalon (Yuan et al, 1999). In situ hybridization of

Slitl on cortical slices from E14 embryos showed an expression of Slitl gene in the
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cortical plate, the ventricular zone of the ganglionic eminences, and weakly in the
ventricular zone of the developing cortex, as similar to previously reported expression
pattern (Yuan et al, 1999) (Figure7). In situ hybridization using Slit2 riboprobes on
cortical slices from E15 embryos revealed a weak expression of Slit2 gene in the cortical
plate and ventricular zone of the developing cortex (Figure 8). In situ hybridization using
Slit3 riboprobes on cortical slices from E15 embryos revealed a weak expression of Slit3
gene in the cortical plate and ventricular zone of the cortex and ganglionic eminences
(Figure 9). There was no difference in the expression of Slitl, Slit2, and Slit3 genes
between conditional Rb knock out embryos and littermate control embryos (Figures 7-9
n=3).

Robol is expressed in the cortical plate at E15.5 (Yuan et al, 1999). In situ
hybridization using Robo1 riboprobe on cortical slices from E15.5 embryos showed a
similar expression pattern, but with a weak expression in the intermediate zone of the
ganglionic eminence (Figure 10). There was no observable difference between the
telencephalon specific Rb knock out embryo and littermate control in the expression of
Robol in the developing telencephalon (Figure 10, n=3). There is no report on the
expression pattern of Robo2 in the telencephalon at E15.5; however, it has been reported
that Robo?2 is expressed in the cortical plate at E17 (Shu and Richards, 2001). In the
cortical plate of the E15.5 embryos, reduced expression of Robo2 in the cortical plate, as
well as a strong expression in the subventricular zone was seen (Figure 11). In the
conditional Rb knock out mice, there was also an ectopic expression of Robo2 transcript
in the ventral area of the developing cortical plate compared to the littermate control

(Figure 11, arrow, n=3). The results obtained suggest that Rb does not regulate the
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Figure 7. Slitl expression is not affected in the absence of Rb. /n situ hybridization
was performed on coronal section from E14 control (Rbfloxed +/-:Cre +/-)(A) and
conditional Rb knockout (B) embryos with a DIG-labeled Slitl riboprobe. An expression
of Slitl gene was observed in the cortical plate, ventricular zone of ganglionic eminences,
and weakly in the ventricular zone of the dorsal cortex (A and B). No difference was
observed in the expression of Slitl transcript between control and conditional Rb
knockout (A and B). Similar results were obtained in three independent experiments. Bar:

500um.
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Figure 8. Slit2 expression is not altered in the absence of Rb. In situ hybridization was
performed on coronal section from E15 control (Rbfloxed +/-:Cre +/-)(A) and conditional
Rb knockout (B) embryos with a DIG-labeled Slit2 riboprobe. A weak expression of
Slit2 gene was observed in the cortical plate and ventricular zone of the dorsal cortex (A
and B). No difference was observed in the expression of Slit2 transcript between control
and conditional Rb knockout (A and B). Similar results were obtained in three

independent experiments. Bar: 500um.



Control
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Figure 9. Slit3 expression is not altered in the absence of Rb. In situ hybridization
was performed on coronal section from E15 control (Rbfloxed +/-:Cre +/-)(A) and
conditional Rb knockout (B) embryos with a DIG-labeled Slit3 riboprobe. A weak
expression of Slit3 gene was observed in the cortical plate, ventricular zone of the dorsal
cortex and ganglionic eminences (A and B). There was no difference in the expression of
Slit3 transcript between control and conditional Rb knockout. Similar results were

obtained in three independent experiments. Bar: 500pum.
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Figure 10. Robol expression is not altered in the absence of Rb. /n situ hybridization
was performed on coronal section from E15.5 control (Rbfloxed +/-:Cre +/-)(A) and
conditional Rb knockout (B) embryos with a DIG-labeled Robol riboprobe. Expression
of Robol was seen in the developing cortical plate (A and B). There was no observable
difference in the expression of Slitl transcript between control and conditional Rb

knockout. Similar results were obtained in three independent experiments. Bar: 500pm.
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Figure 11. Robo2 gene is ectopically expressed in the absence of Rb. /n situ
hybridization was performed on coronal section from E15.5 control (Rbfloxed +/-:Cre +/-
)(A) and conditional Rb knockout (B) embryos with a DIG-labeled Robo2 riboprobe. An
expression of Robo2 was seen in the dorsal most region of developing cortical plate, as
well as in the subventricular zone of the dorsal cortex (A and B). In addition, an ectopic
expression of Robo2 gene was observed in a ventral region of cortical plate (B, arrow)
compared to the control (A). Similar results were obtained in three independent

experiments. Bar: 500pum.
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expression of Slitl, Slit2, Slit3, and Robol, but may regulate the expression of Robo2

in a selected population of cells residing in the dorsal region of developing cortical plate,
or a subset of interneurons migrating through that region. This has led us to question
whether Rb pathway may be regulating the expression of Netrin-DCC, another pathway
involved in axonal path finding and cell migration (Fitzgerald et al., 2006; Kennedy et al.,

1994; Park et al., 2004).

Expression of Neogenin is upregulated in telencephalon specific Rb null mice
Netrin-DCC pathway is a classical chemoattractive guidance cue for axonal path
finding (Kennedy et al., 1994; Serafini et al., 1996). For this reason, we have also asked
whether Rb signaling pathway regulates the expression of Netrinl, DCC, and Neogenin,
a related protein to DCC (Keeling et al., 1997). To address this, I performed in situ
hybridization using DIG-labeled riboprobes for Netrinl, DCC, and neogenin. In
developing telencephalon, Netrin-1 is expressed in the ganglionic eminences lining the
ventricular surface (Serafini et al, 1996). In situ hybridization using Netrinl riboprobe
revealed a similar expression profiles to that in previous reports (Figure 12). At E1S5,
there was no observable difference in the expression of Netrinl between conditional Rb
knockout mice and their littermate controls (Figure 12, n=3). DCC, the receptor for
Netrinl, is expressed in regions surrounding the cortical plate in developing cortex,
forming a banding pattern (Gad et al., 1997). In situ hybridization using DCC riboprobe
on cortical sections from E14 Rb knockout mice and their littermate controls revealed an
expression of DCC in the cortical plate (Figure 13). There was no observable difference

in the expression of DCC between conditional Rb knock out and the littermate control
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Figure 12. Netrinl expression is not altered in the absence of Rb. In situ
hybridization was performed on coronal section from E15 control (Rbfloxed +/-:Cre +/-
)(A) and conditional Rb knockout (B) embryos with a DIG-labeled Netrinl riboprobe.
Expression of Netrinl gene was observed in the ventricular surface of ganglionic
eminences (A and B). There was no observable difference in the expression of Netrinl
between control and conditional Rb knockout. Similar results were obtained in three

independent experiments. Bar: 500um.
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Figure 13. DCC expression is not altered in the absence of Rb. /n situ hybridization
was performed on coronal section from E14 control (Rbfloxed +/-:Cre +/-)(A) and
conditional Rb knockout (B) embryos with a DIG-labeled DCC riboprobe. Expression of
DCC gene was observed in the developing cortical plate (A and B). There was no
observable difference in the expression of DCC between control and conditional Rb

knockout. Similar results were obtained in three independent experiments. Bar: 500um.
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(Figure 13, n=3). The results obtained for Netrinl and its receptor, DCC, are in
agreement with the previous report that Netrinl and DCC are not involved in tangential
migration of interneurons, but critical for the tangential migration of guidepost neurons
(Anderson et al., 1999; Kawasaki et al., 2006; Marin et al., 2003). Neogenin is a related
protein to DCC, and also mediates guidance cues (Keeling et al, 1997). In a recent
report, it was found that neogenin was expressed in newly born migrating neurons,
implicating neogenin’s role in neuronal migration (Fitzgerald et al, 2006). In agreement
with this notion, in situ hybridization using neogenin riboprobe revealed that at E14.5,
there is an increase in the expression of neogenin in the MGE, as well as other regions of
conditional Rb knock out mice in comparison to its littermate control (Figure 14, n=3).
This result suggests that Rb signaling pathway may regulate the expression of neogenin
in interneurons arising from the MGE as well as projection neurons in the cortical plate.
Through in situ hybridization using riboprobes against several guidance genes, we
have found that Robo2 gene is ectopically expressed in telencephalon-specific Rb
knockout mice compared to littermate controls. In addition, we have found that the
expression of neogenin gene is upregulated in telencephalon-specific Rb knockout mice
compared to littermate controls. These results imply that Rb mediates the transcription of

these genes during cortical development.
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Figure 14. Neogenin expression is upregulated in conditional Rb KO. In situ
hybridization was performed on coronal section from E14.5 control (Rbfloxed +/-:Cre +/-
)(A) and conditional Rb knockout (B) embryos with a DIG-labeled Neogenin riboprobe.
Expression of neogenin was seen in the cortical plate and the ventricular zone of dorsal
cortex (A and B). There was a significant increase in the expression of neogenin in the
conditional Rb knockout compared to the littermate control (B). Similar results were

obtained in three independent experiments. Bar: 500pm.
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II. Role of E2F1 in Rb mediated cortical development

Previously, our lab has reported that absence of Rb from mouse telencephalon
leads to a number of defects including: a) ectopic mitoses in the developing cortical plate
(Ferguson et al, 2002); b) aberrant laminar patterning; ¢) loss of Cajal-Retzius neurons;
and d) defects in tangential migration of GABAergic interneurons (Ferguson et al 2005).
It has been reported by Tsai and colleagues that additional loss of E2F1 in Rb deficient
mice suppresses ectopic mitoses and extends the survival of these Rb deficient mice (Tsai
et al, 1998). We have also reported that in Rb deficient neuronal precursors, there is
deregulated activity of E2F1 (Callaghan et al, 1999). Based on these results, we have
asked whether deregulated activity of E2F1 was responsible for the defects seen in mice
lacking Rb in the telencephalon. To address this question, I have generated Rb:E2F1
double knock out (DKO) mice by crossing telencephalon specific Rb knockout mice and
germline E2F1 knockout mice and examined whether the previously reported defects

seen in Rb mutants could be rescued (Ferguson et al, 2002; Ferguson et al, 2005).

Deregulated E2F1 activity is responsible for ectopic mitoses

In normal development, neural progenitors proliferate in the ventricular and
subventricular zones, and only when they exit the cell cycle, they leave the proliferative
zones and commence migration to their final destination (reviewed in (McConnell, 1995).
In telencephalon specific Rb knockout mice, migrating neurons exhibit S phase entry in
the intermediate and even in the cortical plate as revealed by bromodeoxyuridine (BrdU)
incorporation assay (Ferguson et al, 2002). Therefore, we asked whether deregulated

E2F1 activity was the cause of ectopic mitoses. To address this question, I performed
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BrdU incorporation assay on conditional Rb/E2F1 double knockout mice (DKO) at E15.5
to see if the removal of E2F1 was sufficient to rescue the defect in conditional Rb
deficient mice (Figure 15). For this assay, pregnant females were injected with BrdU
(50pg/g body weight) 2 hours prior to sacrifice at E15.5. Coronal sections of embryonic
brain were then subjected to immunolabeling for BrdU. BrdU positive cells represent the
cells entering S-phase during those 2 hours prior to sacrifice. Ectopic proliferation seen
in conditional Rb mutant (Figure 15, b) is diminished in DKO (Figure 15, ¢), and is
comparable to the control (Figure 15, a). I then quantified BrdU positive cells in
ventricular/subventricular zone, intermediate zone, and cortical plate (Figure 16). In the
ventricular zone and subventricular zone, there was no significant difference between the
number of BrdU positive cells, where there was 235+26.0 cells in control, 271£13.3 cells
in conditional Rb knockout, and 184+12.0 cells in the DKO (Figure 16, a; P<0.05, n=3).
In the intermediate zone and cortical plate, however, there was a significant reduction
(P<0.05) in the number of BrdU positive cells in the DKO compared to conditional Rb
knockout mice (Figure 16, b; n=3). In the intermediate zone, there were 3.1£0.3 cells in
control, 13.3+1.3 cells in the conditional Rb knockout, and 3.6+0.5 cells in the DKO,
while in the cortical plate, there were 1.1+0.5 cells in control, 14.3+2.1 cells in the
conditional Rb knockout, and 0.8+0.1 cells in the DKO (Figure 16, b). There was no
significant difference between control and DKO mice in the numbers of BrdU positive
cells in the intermediate zone and cortical plate (Figure 16, b; n=3). These results
indicated that absence of E2F1 in Rb mutant mice successfully rescues the ectopic
proliferation, and suggests that deregulated activity of E2F1 is involved in ectopic

mitoses.
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Figure 15. Deregulated E2F1 activity is involved in ectopic proliferation in Rb
mutants. Pregnant females were subjected to bromodoxyuridine (BrdU) injection
(50ug/g body weight) 2hours prior to sacrifice at E15.5 and the sections of embryonic
brain were subjected to immunolabeling for BrdU. a) In control, most proliferating cells
were present in the ventricular and subventricular zone, with some in the intermediate
zone and cortical plate. b) In conditional Rb knockout embryos, there were abundant
ectopically proliferating cells in the intermediate zone and the developing cortical plate.
¢) In the cond. Rb/E2F1 double knockout embryos, there were less ectopically
proliferating cells in the intermediate zone and developing cortical plate comparable to

the control. Arrows indicate ectopically proliferating cells. Bar: 100um
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Figure 16. Absence of E2F1 rescues ectopic proliferation in Rb KO. Number of
proliferating cells in the BrdU incorporation assay was quantified over 650um of the
developing cortex in three zones: i) ventricular and subventricular zone (VZ/SVZ); ii)
intermediate zone (IZ); iii) developing cortical plate (CP). a) There was no significant
difference between the number of proliferating cells in the VZ/SVZ. b) In the [Z and CP,
the number of ectopically proliferating cells in DKO mice was significantly less than the

cond. Rb knockout mice and was comparable to that of control (P<0.05, n=3).
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Deletion of E2F1 in Rb mutants restores laminar patterning in the cortical plates of
conditional Rb KO mice

During neural development in mice, neural progenitor cells undergo eleven
rounds of cell divisions over 6 day period (E11 to E17) (Takahashi et al., 1995). During
this 6 day period, the cortical plate develops in an “inside out” manner where earlier born
neurons will reside in deeper layers, while later born neurons will reside in the more
superficial layers (Reviewed in (Bielas et al., 2004). At E15.5, layers VI and V have
been generated, and layer IV neurons are being born (Takahashi et al., 1999). Previously,
our lab has reported that there was an aberrant laminar patterning observed in conditional
Rb knockout mice at E15.5 (Ferguson et al, 2005). We therefore asked whether
deregulated activity of E2F1 was responsible for this aberrant laminar patterning. To
address this question, I have performed in situ hybridization on coronal sections of E15.5
embryos using DIG labeled Tbrl riboprobes. Tbrl is a T-domain transcription factor,
and its expression is up regulated in post mitotic projection neurons in layer V (Bulfone
et al., 1995; Rubenstein et al., 1999). I have also examined the morphology of the
developing cortex by performing Cresyl Violet stain on coronal sections of E15.5
embryonic brains.

In situ hybridization using DIG labeled Tbr! riboprobe has revealed a tight
laminar patterning in the layer V of the control brain with a clear distinction between the
cortical plate and the intermediate zone (Figure 17, a). In contrast, Tbrl staining was
seen in the upper intermediate zone area as well as the cortical plate (layer V) in the

conditional Rb knockout brain (Figure 17,b) as previously reported (Ferguson et al,
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Figure 17. E2F1 deficiency corrects defective laminar patterning in Rb mutant mice.
In situ hybridization was performed on coronal section from E15.5 embryos of control,
conditional Rb knockout mice, and conditional Rb/E2F1 DKO embryos using DIG
labeled Tbrl riboprobe. a) There is a tight laminar pattern in the expression of Tbr1 in
the layer V of the cortical plate. b) Tbr1 was aberrantly expressed in the upper layer of
the intermediate zone (arrows) in conditional Rb knockout embryo. ¢) The laminar
pattern of Tbrl expression was restored comparable to control in DKO embryo. n=3.

Bar: 100pm



Thr 1

Control

cond. Rb KO

cond. Rb/E2F1 DKO

Adapted from McClellan et al, Mo/ Cell Biol. (2007) 27(13):4825-43



57

2005). In the DKO, Tbrl expression was confined to the layer V of cortical plate and
resembled the expression patterh seen in the control (Figure 17, ¢) (n=3).

I then performed a cresyl violet staining to examine the morphology of
developing cortex. A clear distinction between cell dense developing cortical plate and
cell sparse intermediate zone was seen in control (Figure 18, a). On the other hand, this
distinct boundary between cortical plate and intermediate zone was lost in the conditional
Rb knockout embryos and it appeared more diffuse (Figure 18, b). The morphology in
the DKO (Figure 18, ¢) resembled that of control, where a clear distinction between cell
dense cortical plate and cell sparse intermediate zone can be observed (n=3). These
results together suggest that the aberrant laminar patterning observed in the conditional

Rb knockout mice may be a result of deregulated E2F1 activity.

The requirement for Rb in the survival of Cajal-Retzius neurons is partially
mediated through E2F1

In the marginal zone of developing cortex, there are two main types of cells
present: a) Cajal-Retzius neurons; and b) migrating GABAergic interneurons (Hevner et
al., 2003). Both cell types are present throughout corticogenesis (Hevner et al, 2003).
Cajal-Retzius neurons release reelin (D'Arcangelo et al., 1995), which acts as a stop
signal for radially migrating neurons in the developing cortical plate (Hiesberger et al.,
1999; Stolt and Bock, 2006). We have previously reported that there is a significant
reduction in the number of Cajal-Retzius neurons in the marginal zone of conditional Rb
knockout mice by E16.5 (Ferguson et al, 2005). We therefore asked whether deregulated

activity of E2F1 was responsible for the loss of Cajal-Retzius neurons. To address this
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Figure 18. Rb mediates correct laminar patterning through E2F1. Cresyl violet
staining was performed on coronal sections from E15.5 control, conditional Rb knockout
mice, and conditional Rb/E2F1 DKO embryos. a) Morphological staining revealed a
clear distinction between the developing cortical plate and the intermediate zone in
control. Arrows indicate the boundary between cortical plate and intermediate zone. b)
In conditional Rb knockout embryos, the clear distinction had disappeared and it
appeared to be more diffuse. c¢) The morphology was restored to comparable level to that

of control. n=3. Bar: 100pum.
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question I performed an immunohistochemistry for Reelin on coronal sections of E15.5
embryos (Figure 19), and quantified reelin positive Cajal-Retzius neurons, as well as the
total number of cells residing in the marginal zone. In control, the reelin staining was
seen at regular intervals along the marginal zone (Figure 19, a). In the conditional Rb
knockout mice, there was less reelin staining in the marginal zone, indicating a loss of
Cajal-Retzius neurons in those regions (Figure 19, b). In the DKO, there was an increase
in reelin positive cells present compared to the conditional Rb knockout, but there were
still regions where there was no reelin positive cell present (Figure 19, ¢). Ithen
quantified the number of reelin positive cells over 500um along the marginal zone
(Figure 20, a). There was 26+0.9 reelin positive cells (n=3) in the marginal zone of
control. In the conditional Rb KO mice, there were 15+0.4 cells (n=4), and this number
was significantly less than the control (P<0.05). In the DKO, there were 22+0.4 cells
(n=4). The number of reelin positive cells in the marginal zone of DKO mice were
significantly more than conditional Rb KO mice (P<0.05), but was significantly less than
the control mice (P<0.05). This result suggests that the deregulated activity of E2F1 is
partially involved in the loss of Cajal-Retzius neurons. In the previous study, our lab has
reported that there was also a significant reduction in the total number of cells in the
marginal zone of the conditional Rb knockout mice (Ferguson et al, 2005). I therefore
quantified total number of cells present in the marginal zone using cresyl violet staining
(Figure 20, b). The total number of cells in the marginal zone of control mice was 64+3.6
cells, while in the conditional Rb knockout there was 40+0.9 cells, and in DKO there was
55+3.3 cells (n=4). The number of cells in the marginal zone in the conditional Rb

knockout mice were significantly less than that of control (P<0.05) and DKO (P<0.05).
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Figure 19. Absence of E2F1 increases reelin staining in conditional Rb KO.
Immunohistochemistry was performed on coronal sections from E15.5 control,
conditional Rb knockout mice, and conditional Rb/E2F1 DKO embryos for reelin. a)
Cajal-Retzius cells as revealed by reelin immunostaining seemed to be present in the
marginal zone at regular intervals in control embryos. b) There was less reelin staining
along the marginal zone in conditional Rb knockout embryos, suggesting loss of Cajal-
Retzius neurons. c) In conditional Rb/E2F1 DKO embryos, there seemed to be more
reelin expressing cells present than the conditional Rb knockouts, however, the absence
of reeling positive cells in certain regions still persisted. Arrows indicate reelin positive
cells in the marginal zone. n=3 control, n=4 conditional Rb knockout and DKO embryos.

Bar: 50pm.
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Figure 20. E2F1 deficiency partially rescues the survival of Cajal-Retzius neurons in
conditional Rb KO. Number of reelin positive cells and total cells within the maginal
zone was quantified from dorsal and temporal cortex, each over 500um along the
marginal zone. a) The number of reeling positive cells were significantly higher in the
DKO compared to conditional Rb knockout, but was also significantly less than the
control (P<0.05). b) Cresyl violet staining was performed and the total number of cells in
the marginal zone over 500pum along the marginal zone was counted. The number of
marginal zone cells in the conditional Rb knockout was significantly less than that of
control (P<0.05). The number of marginal zone cells in the DKO was significantly
higher than the conditional Rb knockout (P<0.05), and was not significantly different

from the control. n=3.
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There was no significant difference between the total number of cells in the marginal
zone between control and DKO.

Absence of E2F1 does not correct for aberrant tangential migration in Rb mutant
mice.

GABAergic interneurons are thought to arise from the MGE and CGE (Anderson
et al., 1997; Tan et al., 1998; Xu et al., 2004). These interneurons migrate through two
distinct paths, where one group of cells travel through marginal zone, and the other group
travels through the lower intermediate zone (Lavdas et al., 1999). We have previously
reported that a subpopulation of interneurons, specifically calbindin positive neurons, was
diminished from the marginal zone migratory route (Ferguson et al, 2005). Furthermore,
we have reported that this mislocalization arises from a cell autonomous defect in
tangential migration, as revealed by a slice co-culture assay (Ferguson et al, 2005).
Therefore, we asked whether deregulated E2F1 activity was responsible for this defect.
To address this question, I performed immunohistochemistry for calbindin on coronal
sections of E15.5 mice (Figure 21). I then quantified calbindin positive cells in the
marginal zone over 500um to compare the number of calbindin positive, migrating
interneurons between control, conditional Rb knockout, and DKO mice (Figure 22). In
control mice, there were calbindin positive cells present in both the marginal zone and the
intermediate zone (Figure 21, a). In the conditional Rb knockout mice, there were
calbindin positive cells present in the intermediate zone, and there were very little
calbindin staining in the marginal zone (Figure 21, b). In the DKO mice, there were
calbindin positive cells present in the intermediate zone, and very little calbindin staining

in the marginal zone (Figure 21, ¢). Quantification of these calbindin positive cells have
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Figure 21. Absence of E2F1 does not rescue aberrant tangential migration in Rb
mutant. Immunohistochemistry was performed on coronal sections from E15.5 control,
conditional Rb knockout, and conditional Rb/E2F1 DKO embryos for calbindin. a) The
two trajectories taken by calbindin positive GAB Aergic interneurons are present in
marginal zone and intermediate zone in control. b) The trajectory through marginal zone
is largely diminished in conditional Rb knockout. ¢) The diminished trajectory through
marginal zone is comparable to conditional Rb knockout in control, suggesting no rescue
by removal of E2F1. Arrows indicate calbindin positive cells in the marginal zone. n=4

control. n=3 conditional Rb knockout and DKO. Bar: 250um
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Figure 22. Absence of E2F1 does not rescue the number of calbindin positive cells in
the marginal zone of Rb mutant mice. The number of calbindin positive GABAergic
interneurons in the marginal zone was quantified over 500pum along the marginal zone.
The number of cells in the DKO was significantly less than the control (P<0.05), and was
comparable to the conditional Rb knockout. n=4 control. n=3 conditional Rb knockout

and DKO
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revealed that there were 10+1.2 cells in control mice (n=4), 5+0.7 cells in the conditional
Rb knockout mice (n=3), and 6.2+0.4 cells in the DKO mice (n=3). Statistical analysis
showed that there was a significant difference between the number of calbindin positive
cells in the marginal zone between control and conditional Rb knockout mice (P<0.05),
as previously reported (Ferguson et al, 2005). Furthermore, the number of calbindin
positive cells between the control and DKO mice were also significantly different
(P<0.05), while there was no significant difference between the conditional Rb knockout
mice and the DKO mice (Figure 22). Together, these results suggest that E2F1 may not
be involved in Rb mediated tangential migration of GABAergic interneurons.

To investigate the role of E2F1 in Rb mediated terminal mitosis of cortical
neurons, laminar patterning, survival of Cajal-Retzius neurons, and tangential migration
of GABA-ergic interneurons, we generated telencephalon specific Rb: germline E2F1
double knock out mice (DKO). Through BrdU incorporation assay, we found that the
ectopic proliferation was reduced to control level in DKO. Through iz situ hybridization
for Tbrl and cresyl violet stain, we found that aberrant laminar patterning observed in the
telencephalon specific Rb KO was restored in DKO. Through immunohistochemistry,
we found that there was a partial rescue for the survival of Cajal-Retzius neurons in
DKO. Through immunohistochemistry for calbindin positive GABA-ergic interneurons,
we found that the defects in tangential migration of these neurons were not rescued in
DKO. In summary, the results of the studies revealed that E2F1 may be involved in Rb
mediated terminal mitoses of newly born neurons and correct laminar patterning, and
partially in the survival of Cajal-Retzius neurons, but not involved in Rb mediated

tangential migration of GABAergic interneurons.
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Discussion

The work presented here describes several findings demonstrating the importance
of Rb and E2F1 during forebrain development. We hypothesized that Rb mediates
GABA-ergic interneuron migration through regulation of guidance molecules. Through
in situ hybridization, I have found that there is an ectopic expression of Robo2 gene in
the ventral cortical plate, as well as an upregulation of neogenin gene in the MGE,
cortical plate and ventricular zone of dorsal cortex. These results suggest that Rb may be
involved in the regulation of transcriptional control of guidance genes, Robo2 and
neogenin. We also hypothesized that Rb regulates cortical development through E2F]
transcription factor. Through generation of Rb:E2F1 double knock out (DKO) mice by
crossing telencephalon specific Rb knockout mice and germline E2F1 knockout mice, I
have found that: a) ectopic proliferation of cortical neurons in conditional Rb KO mice is
rescued through removal of E2F1; b) aberrant cortical laminar patterning in conditional
Rb KO mice is restored through removal of E2F1; ¢) the loss of Cajal-Retzius neurons in
conditional Rb KO mice is partially rescued by removing E2F1 ; and d) Rb mediated
migration of calbindin positive GABA-ergic interneurons cannot be rescued through
removal of E2F1. These findings suggest that E2F1 is a downstream target for Rb in the
regulation of proliferation of cortical neurons, laminar patterning, and partially, the

survival of Cajal-Retzius neurons.

Rb mediates expression of Robo2 and neogenin
Our lab has previously reported a cell autonomous defect in tangential migration

of GABA-ergic interneurons (Ferguson et al, 2005). GABA-ergic interneurons born in
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MGE travel to the dorsal cortex via tangential migration (Anderson et al, 1997; Tan et al,
1998; Xu et al, 2004). Tangential migration of these GABA-ergic interneurons is thought
to be directed by Slit-Robo pathway (Zhu et al, 1999; Nguyen-Ba-Charvet et al, 2004;
Andrews et al, 2006). Through in situ hybridization, we have found that the expression
of Slit1, Slit2, Slit3, and Robol are not altered in telencephalon specific Rb KO,
suggesting that Rb does not mediate the transcription of these genes. Robo2, on the other
hand, was found to be ectopically expressed in the telencephalon specific Rb KO mice.
Robo2 was ectopically expressed in the ventral region of developing cortical plate in the
knockout mice compared to its littermate control. This suggests that Rb may be
negatively regulating the expression of Robo2 gene in a subset of these neurons in that
region and in the absence of Rb, Robo2 expression is upregulated. The identity of these
neurons, however, has not been explored in this study. The ectopic expression of Robo2
gene could also be a result of abnormal re-routing of migrating cells. A recent study by
Andrews and coworkers (Andrews et al., 2006) revealed that Robol knockout mice had
significantly more interneurons migrating to the cortex (Andrews et al, 2006). This
phenotype, the authors described, was different from Slitl null mice, and they suggested
a possibility for the existence of additional ligands, receptors, or receptor partners in
Slit/Robo pathway. Our results may be consistent with this notion since we did not find
alterations in any of the Slit ligand expression, but only the expression of Robo2 was
altered in our knockout mice. This may be resulting from Rb regulating unidentified
ligands, receptors, or receptor partners which caused Robo2 expressing cells to be re-

routed.
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Netrin-DCC pathway is another pathway thought to be involved in neuronal
migration (Bloch-Gallego et al, 1999; Yee et al, 1999; Hamasaki et al, 2001). Also
through in situ hybridization, we have found that the expression of Netrinl and DCC are
not altered in the absence of Rb. From this we concluded that Rb does not mediate the
transcription of Netrinl and DCC. Strikingly, neogenin, a transmembrane receptor
related to DCC (Keeling et al, 1997) was found to be expressed at a much higher level in
the MGE, cortical plate, and ventricular zone of telencephalon specific Rb knockout mice
compared to their littermate controls. Recently, it has been demonstrated that neogenin is
a direct transcriptional target of E2F1 by ectopically expressing E2F1 in mouse
embryonic fibroblast cells and through utilization of sensitive subtraction method to
detect E2F1 responsive genes (Iwanaga et al., 2006). This, together with our result
suggests that Rb regulates the transcription of neogenin in developing nervous system
through E2F. Neogenin is a known receptor for repulsive guidance molecule (RGM)
which mediates a repulsive cue (Rajagopalan et al., 2004). It is possible that the lack of
GABA-ergic interneurons in MZ in the absence of Rb (Ferguson et al, 2005) is a result of
upregulation of neogenin in migrating interneurons, causing the repulsion from MZ
migratory route. The finding that genes affected by the loss of Rb are transmembrane
protein receptors is in support of the notion that the defect in tangential migration of

GABA-ergic interneurons is a cell autonomous defect (Ferguson et al, 2005).
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E2F1 is involved in Rb mediated terminal mitosis of cortical neurons and laminar
patterning in vivo

In the previous report, our lab has described that in the absence of Rb, there are
ectopically proliferating neurons in the intermediate zone and cortical plate (Ferguson et
al, 2002). Deletion of E2F1 has been shown to suppress inappropriate S-phase entry in
the CNS in Rb null mouse embryos (Tsai et al, 1998; Saavedra et al, 2002). In both
studies, however, studies were conducted with germline Rb null mice, and thus, there
were defects that caused embryonic lethality. It is now clear that embryonic lethality is in
fact a result of defects in placenta upon loss of Rb (Wu et al., 2003). Through generation
of telencephalon specific Rb: germline E2F1 double knockout (DKO) mice and utilizing
a 2hr-BrdU incorporation assay, we have found that removal of E2F1 in the absence of
Rb rescues the ectopic proliferation in the CNS. Previously, expression of mutant E2F1
incapable of binding to Rb in rat fibroblasts has been shown to induce enhanced S-phase
entry (Shan et al, 1996). This, together with our result suggests an important role for
E2F1 as target for Rb in proper cell cycle control. Interestingly, a recent report from our
lab suggests that E2F3 is also involved in the ectopic proliferation of cortical neurons
(McClellan et al., 2007). Similar to the results obtained from Rb:E2F1 DKO mice
presented in this report, results obtained from telencephalon specific Rb:E2F3 DKO mice
indicated that removal of E2F3 in conditional Rb KO mice can rescue the ectopic
proliferation of cortical neurons (McClellan et al, 2007). E2F3 has also been shown to
contribute to the ectopic mitoses in the CNS of Rb null embryos as deficiency of E2F3 is
able to suppress inappropriate S-phase entry in those embryos (Ziebold et al, 2001;

Saavedra et al, 2002). This suggests that E2F1 and E2F3 contribute equally in Rb
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mediated cell cycle exit. It is possible that ectopic mitoses in the absence of Rb requires
the deregulated activity of both E2F1 and E2F3, and that combined effects from E2F1
and E2F3 contribute to a total free E2F activity, driving these cortical neurons to undergo
inappropriate S-phase entry.

The previous report from our lab also described a defect in cortical laminar
patterning due to defective radial migration (Ferguson et al, 2005). Through in situ
hybridization and cresyl violet staining, we have found that cortical lamination defect is
rescued in DKO mice. Similarly to ectopic mitoses, deletion of E2F3 in telencephalon
also rescues aberrant laminar patterning in the absence of Rb (McClellan et al, 2007). It
has been established that environmental factors play an important role in the laminar fate
determination of cortical neurons, and their ability to respond to the environmental cues
are dependent of cell cycle phases (McConnell and Kaznowski, 1991). It is likely that
migration defects are secondary effect of inappropriate S-phase entry. Recently, Nguyen
and coworkers have described a role for yet another cell cycle gene, p27°?', in radial
migration of cortical neurons (Nguyen et al., 2006). In their study, they found that p27kipl
null mice had defects in radial migration of cortical neurons (Nguyen et al, 2006). p27+iP!
is considered to be a general inhibitor of cyclins and its activities promote Rb to be active
(Polyak et al, 1994; Sherr and Roberts, 1999). This further supports the importance of
proper Rb activities in terminal mitoses and radial migration of cortical neurons. In this
report, we have demonstrated that E2F1 has important roles in Rb mediated terminal

mitoses, radial migration and cortical laminar patterning in vivo.
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Rb partially mediates survival of Cajal-Retzius neurons through E2F1

Our lab has previously described the requirement for Rb in survival of Cajal-
Retzius neurons (Ferguson et al, 2005). In this study, we found that the total number of
MZ cells was increased in Rb:E2F1 DKO as compared fo the conditional Rb KO. By
employing immunohistochemistry for reelin on cortical sections from Rb:E2F1 DKO, we
have found that removal of E2F1 in the absence of Rb partially rescues the survival of
Cajal-Retzius neurons. This suggests that the requirement for Rb in the survival of Cajal-
Retzius neurons is partially mediated by E2F1. Although the induction of apoptosis has
in fact been suggested to be specific to E2F1 in some reports (DeGregori et al., 1997,
Wang et al., 2000), overexpression of E2F3 has also been shown to be able to induce cell
death in other reports (Ebelt et al., 2005; Paulson et al., 2006). Thus, whether the
induction of cell death is a function specific to E2F1 is yet to be determined. Moreover,
recent report from our laboratory indicates that removal of E2F3 in the absence of Rb is
also capable of partially rescuing the survival of Cajal-Retzius neurons (McClellan et al,
2007). From these results, one could speculate that deregulated activities of E2F1 and
E2F3 are each involved in the loss of different subtypes of these Cajal-Retzius neurons,
and together, both E2F1 and E2F3 mediate the requirement for Rb in the survival of total
population of Cajal-Retzius neurons. It has been suggested that E2F3 can induce p53
independent apoptosis, and this induction of apoptosis is dependent on E2F1 (Lazzerini
Denchi and Helin, 2005). Interestingly, it has recently been shown that an axon guidance
molecule, neuropilinl is a direct target for E2F1 during cerebral ischemia-induced

neuronal death, where upregulation of neuropilinl by E2F1 causes axonal retraction and
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neuronal death (Jiang et al., 2007). This demonstrates a novel way in which E2F1 causes
cell death, and adds further support for specificity for E2F1 in causing neuronal death.
Both E2F1 and E2F3 contain E2F responsive elements (Araki et al., 2003; Leone

et al., 2000), and the expression of E2F1 has been shown to be directly regulated by E2F1
and E2F3 (Araki et al, 2003). It is then possible that deregulated activity of either E2Fs
cause upregulation of E2F1, and thus, inducing cell death in Cajal-Retzius neurons. If
E2F-induced apoptosis is solely E2F1 dependent, it does not explain the partial rescue of
the survival of Cajal-Retzius neurons that we observed in Rb:E2F1 DKO mice. It is then
possible that the requirement for Rb in the survival of a subset of Cajal-Retzius neurons
is mediated through non-E2F Rb interacting partner. For example, nuclear ABL tyrosine
kinase has been shown to directly interact with Rb, and its proapoptotic activity has been

shown to be regulated by Rb (Wang, 2000; Wang, 2005).

Rb does not mediate the tangential migration of GABA-ergic interneurons through
interactions with E2F1

Our lab has previously reported a cell autonomous requirement for Rb in
tangential migration of GABA-ergic interneurons (Ferguson et al, 2005). Through
immunohistochemistry on telencephalon specific Rb: germline E2F1 DKO mice using
calbindin as marker for the interneurons, we have found that removal of E2F1 in the
absence of Rb does not rescue the defect in tangential migration seen in conditional Rb
KO. Thus, this suggests that E2F1 is not involved in the requirement for Rb in proper
tangential migration of GABA-ergic interneurons. On the contrary, a recent data from

our lab suggests that E2F3 is involved in Rb mediated tangential migration of GABA-
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ergic interneurons (McClellan et al, 2007). Through generation of conditional Rb:E2F3
DKO mice, it was shown that removal of E2F3 successfully rescues the aberrant
tangential migration of these interneurons (McClellan et al, 2007). These results imply
that there are divergent roles within the activating E2Fs. Moreover, it was shown that the
migration defect was not due to defects in cell cycle kinetics (i.e. ectopic mitoses),
demonstrating a role for Rb and E2F3 outside of the cell cycle role (McClellan et al,
2007). Calbindin positive interneurons only represent a subset of GABA-ergic
interneurons arising from the MGE (Reviewed in Metin et al, 2006). There are other
populations of cortical interneurons arising from MGE such as parvalbumin and
somatostatin expressing neurons (Metin et al., 2006; Valcanis and Tan, 2003; Wichterle
et al., 2001). Thus, the data obtained here may be a cell type specific effect. It will be
interesting to determine, first, if there are defects in other population of GABA-ergic
interneurons in the absence of Rb. If there are defects in the migration of other
populations, it is possible that E2F1 may be the interacting partner for Rb in Rb mediated
tangential migration in other populations of GABA-ergic interneurons.

E2F1 and E2F3 have been suggested to have unique and overlapping roles in
development (Attwooll et al., 2004). While E2F1 deficient mice are viable and fertile
(Field et al, 1996; Yamasaki et al, 1996), E2F3 deficiency results in embryonic lethality
in most cases, and surviving pups die prematurely (Cloud et al., 2002). These results
suggest specificity in the activities of each E2F. For example, tumor formation seems to
be specific to E2F1 loss as compound null mutants for E2F1 and E2F3 did not display
increased tumor formation. In the lenses of developing mice, E2F1 has been shown to

specifically regulate the expression of E2F3a and p19**" (Hyde and Griep, 2002).
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Furthermore, apoptosis in the lenses of Rb deficient mice seem to be specifically
mediated by E2F1 as only deletion of E2F1 rescues apoptosis observed in Rb deficient
mice (Saavedra et al, 2002). As described above, growing evidence suggest E2F
dependent apoptosis to be specifically mediated by E2F1 (DeGregori et al., 1997,
Hallstrom and Nevins, 2003; Lazzerini Denchi and Helin, 2005; Wang, 2000). This
specific effect of E2F1 in inducing apoptosis has been suggested to be regulated by E2F1
specific binding site at the C-terminal of Rb (Dick and Dyson, 2003; Pennaneach et al.,
2004). Surprisingly, a recent report suggests that E2F1 can also protect cells against y-
irradiation induced apoptosis in a context dependent manner in Drosophila (Moon et al.,
2006). The authors found that dE2F1/dDP seem to protect non-proliferating cells from
apoptosis, and proliferating cells were sensitized to apoptosis induced by y—irradiation
(Moon et al, 2006). Thus, not only do different E2Fs have distinct roles, individual E2Fs
may have unique roles depending on the cellular context. In this study, we have
demonstrated that E2F1 is not involved in Rb mediated tangential migration, while other
studies from our lab has demonstrated that E2F3 is involved in this Rb mediated
tangential migration (McClellan et al, 2007). These results add further support that E2F1

and E2F3 have distinct roles.

Future Directions

The result obtained for the expression levels of neogenin and Robo2 were from in
situ hybridization. While it demonstrates the importance of Rb in the expression of these
genes, our data do not address whether these genes are direct target for Rb. Although

neogenin has been shown to be the direct target for E2F1 (Iwanaga et al, 2006), our data
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suggests that in the cortical interneurons, neogenin expression may not be the target for
E2F1 since the abnormal tangential migration was not rescued in the DKO. This
interpretation is based on the correlation between the expression level of neogenin and
the rescue for tangential migration. Thus, it does not completely exclude the possibility
that neogenin is in fact a direct target of E2F1 in the cortical interneurons. Interestingly,
a data from our lab suggests that E2F3 may be the interacting partner for Rb mediated
tangential migration (McClellan et al, 2007). This raises the possibility that neogenin
may be the direct transcriptional target for neogenin in cortical interneurons. It will be
interesting to see whether increased expression of neogenin can be rescued in Rb:E2F3
DKO, and if so, to see whether neogenin is a direct transcriptional target for E2F3 in
cortical interneurons by carrying out promoter analysis and luciferase assay.

We have established that E2F1 is partially invoived in the requirement for Rb in
the survival of Cajal-Retzius neurons. It will be important to investigate whether there
are other Rb interacting partners present that work in parallel with E2F1 to promote the
survival of Cajal-Retzius neurons. E2F1’s ability to induce cell death has been well
established (Berkovich and Ginsberg, 2003; Hershko et al., 2005; Melino et al., 2004;
Stiewe and Putzer, 2000). A pro-survival gene, Bis, has recently been shown to be
critical for the survival of Cajal-Retzius neurons. In addition, Bc¢l-2 has been shown to be
a target for E2F1 (Eischen et al., 2001; Yang et al., 2000). Thus, investigating whether
Rb:E2F1 pathway has a role in the expression of Bis or Bcl-2 may help us enlighten the
mechanism by which Rb mediates the survival of Cajal-Retzius neurons. In addition,
investigating whether in the absence of Rb, proapoptotic genes such as p53 and p73

(Zamzami and Kroemer, 2005) are altered, and whether E2F1 may have a role in the
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expression of these genes will also aid in investigating the mechanism of Cajal-Retzius

neuron loss.

Conclusion

The studies presented here show that Rb mediates the expression of guidance
molecules Robo2 and neogenin. The studies also show that E2F1 is involved in Rb
mediated terminal mitoses and laminar patterning of cortical neurons, and partially
involved in the requirement for Rb in the survival of Cajal-Retzius neurons. These
studies demonstrate a role for Rb in the expression of guidance molecules and also
suggest that E2F1 may be a downstream target for Rb in the regulation of proliferation of

cortical neurons, laminar patterning, and partially, the survival of Cajal-Retzius neurons.
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