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ABSTRACT 

The Groucho/Transducin-like Enhancer of split (Gro/TLE) proteins are a family of 

transcriptional corepressors involved in a variety of cell differentiation mechanisms in 

both invertebrates and vertebrates. In particular, they act as negative regulators of 

neuronal development. Gro/TLEs can be recruited to DNA by forming complexes with a 

number of DNA-binding transcription factors and are thus involved in the regulation of 

numerous genes. The aim of this study was to characterize a new member of the Gro/TLE 

family named Groucho-related gene 6 (Grg6). It is reported here that Grg6 is expressed in 

selected regions of the murine embryonic nervous system in both mitotic progenitor cells 

and postmitotic neurons. Exogenous expression of Grg6 in cortical neural progenitor cells 

does not significantly affect neuronal differentiation. However, when co-expressed with 

Gro/TLEl and the anti-neurogenic Gro/TLE-binding protein brain factor 1 (BF-l; also 

called Foxgl), Grg6 causes an increase in the number of differentiated neurons. In 

agreement with these findings, Grg6 interacts with BF-l and decreases transcriptional 

repression mediated by BFl : Gro/TLE complexes. In addition, Grg6 disrupts the 

interaction between BF-l and Gro/TLEl. Together, these results suggest that Grg6 acts as 

a negative regulator of BFl activity and as a positive regulator of cortical neuronal 

differentiation. 
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RÉSUMÉ 

Les protéines Groucho/Transducin-like Enhancer of split (Gro/TLE) fonnent une famille 

de co-répresseur transcriptionnel impliqués dans une multitude de mécanismes de 

différentiation cellulaire chez les vertébrés et les invertébrés. En particulier, ils régulent 

de façon négative le développement neuronal. Structurellement, les protéines Gro/TLE 

n'ont pas la capacité de se lier à l'ADN. Cependant, elles peuvent y être recrutées en 

formant des complexes avec un certain nombre de facteurs de transcription liants l'ADN. 

Ainsi, elles sont impliquées dans la régulation de plusieurs gènes. Le but de cette étude 

était de caractériser un nouveau membre de la famille de Gro/TLE appelé Groucho

related gene 6 (Grg6). Nous avons découvert que Grg6 est exprimé dans des régions 

particulières du système nerveux embryonnaire de la souris, et ce aussi bien dans les 

cellules mitotiques progénitrices que dans les neurones post-mitotiques. L'expression 

exogène de Grg6 dans les cellules neuronales pro génitrices du cortex n'a pas d'effet 

significatif sur la différentiation neuronale. Cependant, lorsque co-exprimé avec 

Gro/TLE1 et le facteur anti-neurogénique Brain Factor 1 (BF-1), pouvant lui-même se 

lier aux protéines Gro/TLE, Grg6 cause une augmentation dans le nombre de neurones 

différenciés. En accord avec ces résultats, Grg6 se lie à BF-1 et diminue la répression 

transcriptionnelle médiée par les complexes BF -1 : Gro/TLE. De plus, Grg6 empêche 

l'interaction entre BF-1 et Gro/TLEl. Ensemble, ces résultats suggèrent que Grg6 agit en 

tant que régulateur négatif de l'activité de BFl et régule de façon positive la 

différentiation neuronale du cortex. 
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1. INTRODUCTION 

The development of higher species is a complex and fascinating process. From the egg to 

the fully developed organism, the events are multiple and must be weIl controlled. Cell 

division is a fundamental process at the basis of organ growth, while cell differentiation 

is responsible for the incredible variety of cell types that compose the mature organism. 

This thesis review will focus on the mechanisms underlying mammalian central nervous 

system development and, in particular, those regulating neurogenesis. 

The developing mammalian central nervous system shows both symmetric and 

asymmetric division of the neural progenitor cell population. Symmetric divisions give 

rise to two identical daughter cells that expand the progenitor cell population 

(proliferative divisions). On the other hand, asymmetric divisions produce two different 

types of siblings that later will differentiate into multiple types of neurons and glia 

(differentiative divisions) (reviewed by Doe et al., 1998). Neurogenesis depends on cell 

proliferation and thus cell cycle regulation. A number of key regulators of the cell cycle 

have been weIl conserved during evolution. Among these, cyclin-dependant kinases 

(cdks) are central components of the cell-cycle control system in eukaryotic cells. For 

example, it has been shown that the size of the brain is regulated by the cell-cycle 

inhibitor p27Kip1, because mice lacking this component exhibit enlarged brains 

(Nakayama et al., 1996). A tight regulation of the cell cycle will not only determine the 

proliferation of the neural precursor cells but also will influence the fraction of 

progenitors that exit the cell cycle and thus differentiate. 
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During mammalian neurogenesis, neural precursor cells will undergo different 

stages in the process of differentiation during which they will express characteristic 

proteins that will make them unique. This will result in the generation of a tremendous 

variety of cell types that populate the central nervous system. This complex process of 

cell fate specification is under the control of two general sets of factors: secreted or 

transmembrane (extrinsic) signaIs and intrinsic signaIs. Extrinsic signaIs, present in a 

cell's local environment, act on receptors located on the cell surface whose activation 

initiate signal transduction cascades. Ultimately, these cascades of events will affect gene 

transcription in the cell nucleus, which in turn will affect structural and physiological 

changes in differentiating cell. Intrinsic signaIs operate in a cell autonomous manner and 

can determine cell fate. Both extrinsic and intrinsic signaIs cooperate and will gradually 

establish the final identity of precursor cells (reviewed by Edlund and J esse1 1999). 

1.1 Mechanisms of cell differentiation 

1.1.1 Drosophila neural cell specification and lateral inhibition 

The specification of neural cell identity during the development of the Drosophila 

nervous system is initiated by the selection of a cluster of cells ("proneural clusters") 

within the neuroectoderm. These clusters are composed of cells that can become either 

neural or epidermal, but initially they are all competent to give rise to neural precursors. 

In fact, the initial rough pattern of these proneural clusters is established by the limitation 

of "proneural genes" expression to proneural clusters at specific location in the 

neuroepithelium. These genes encode a number of basic he1ix-Ioop-he1ix (bHLH) 
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transcription factors that regulate the expreSSlOn of genes that endow ceUs with the 

potential to become neural precursors. InitiaUy, the ceUs in these groups have equal 

potential to become neural precursors. But not aU the ceUs that express proneural genes 

will become neurons. In fact, only one ceU within the proneural cluster will 

predominantly express proneural genes and further differentiate into a neuron. Through 

the process of lateral inhibition, which is mediated by the Notch signaUing pathway, the 

neighbouring ceUs are prevented from adopting the neural fate (reviewed by Jan and Jan, 

1994). In the absence of Notch expression in the embryo, proneural gene expression 

continues and aU ceUs develop into neural precursors (Artavanis-Tsakonas, 1983; 

Hartenstein et aL, 1990; reviewed by Ghysen et al, 1993). Such phenotype IS 

characterized by a gross hypertrophy of the nervous system (Lehmann et al, 1981). 

1.1.2 Molecular mechanisms eontrolling Drosophila neurogenesis 

The molecular mechanisms involved in lateral inhibition during Drosophila neurogenesis 

are controUed by two classes of bHLH transcription factors. The first class defines the 

proneural genes, such as the aeheate-scute eomplex (as-c) , composed of four tightly 

linked genes (acheate, scute, lethal of seute and asense), atonal (ato) and Daugtherless 

(Da) (reviewed by Jan and Jan, 1994). The other class encodes anti-neurogenic 

components of the Notch signaUing pathway like the gene products of the Enhancer of 

split complex (E (spl)-c), groueho, Suppressor of Hairless and others (reviewed by Fisher 

and Caudy, 1998; Artanavis-Tsakonas et aL, 1999). 

These two families ofbHLH proteins act as transcriptional activators or repressors 

and have been shown to be important in the regulation of Drosophila neurogenesis 
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(reviewed by Jan and Jan, 1994; reviewed by Fisher and Caudy, 1998). The proneural 

pro teins act as transcriptional activators to promote neurogenesis and the Enhancer of 

split complex proteins act as transcriptional repressors to inhibit neurogenesis (reviewed 

by Artavanis-Tsakonas et al., 1999). 

1.1.3 The role ofproneural pro te ins in Drosophila neurogenesis 

Proneural protein expression endows cells with the potential to become neural and thus 

has a very important role in neural specification during Drosophila neurogenesis. 

Extensive genetic and molecular analysis showed that pro neural proteins are in fact 

signaIs which promo te neural identity and its various specification events during 

Drosophila neural development. It has been shown that proneural proteins are initially 

expressed in all cells of the proneural c1uster. Subsequently, one of these cells 

accumulates the highest amount and adopts the neural fate. Later, the cells surrounding 

the specified neural precursor within the proneural c1uster reduce or cease to express 

proneural pro teins and adopt a non-neural fate, through the so-called lateral inhibition 

process (Skeath et al., 1991; Cubas et al., 1991). Mutation analysis of ac-c members 

demonstrated the crucial role of these genes during the deve10pment of neural structures. 

Flies lacking one as-c gene showed reduced or complete absence of neural elements, 

while overexpression resulted in the overproduction ofneural structures (Campuzano and 

Modelell, 1992; reviewed by Jan and Jan, 1994; Jarman et al., 1995). 

Molecularly, proneural bHLH proteins can homo- or heterodimerize through the 

HLH motif and can interact with the ubiquitously expressed Daugtherless protein, 

forming complexes that can activate transcription when bound to DNA through the basic 
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region (Cabrera and Alonso, 1991 ; Van Doren et al, 1994). Proneural pro teins bind to the 

consensus DNA sequence (CANNTG) designated as "E box" and through interaction at 

this site are thought to positively regulate neurogenesis. The activity of as-c members is 

inhibited by Extramacrochaetae (Emc), an HLH protein lacking the basic domain and 

thus unable to bind DNA (Van Doren et al., 1992). Emc antagonize as-c proteins by 

forming non-functional heterodimers leading to the inhibition of neurogenesis. 

1.1.4 Drosophila proneural pro teins are conserved in mammals 

The identification and characterization of homologues of Drosophila proneural pro teins 

in rodents and humans has led to a better understanding of the mechanisms that regulate 

mammalian neurogenesis. Many mammalian homologues of Drosophila proneural 

pro teins have been identified and shown to play similar functions in mammalian 

neurogenesis (reviewed by Lee et al., 1997; Hassan and Bellen, 2000; Ben Arie et al., 

2000). The best characterized is the Mammalian Qchaete-§..cute llomologue-l or Mash-l 

(Johnson et al., 1990; Guillemot and Joyner, 1993). 

Mash-l expression is mainly observed in cells of the developing central nervous 

system (CNS) and peripheral nervous system (PNS). More specifically, Mash-l 

expression is detected in regions containing undifferentiated neural precursor cells of the 

ventricular zone (VZ) and also differentiating post-mitotic cells outside the VZ 

(Guillemot et al., 1993). This expression pattern of Mash-l has been revealed to be 

similar to that of as-c genes in Drosophila (reviewed by Guillemot, 1999). In addition, 

Mash-l has been shown to be expressed in the deve10ping olfactory epithe1ium and 

neural retina (Guillemot et al., 1993; Ahmad, 1995; Jasoni et al., 1996). 
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Functionally, Mash-I is implicated in the regulation of determination and 

differentiation steps of many types of neurons in both the CNS and PNS. For example, 

Mash-l is required for the generation of autonomic ganglia, olfactory neurons and 

noradrenergic neurons of the hindbrain (Guillemot et al., 1993; Hirsch et al., 1998). 

In agreement with the high Mash-I expression in the ventral telencephalon, Mash-

1 mutant mouse embryos show severe loss of neural progenitors in the sub-ventricular 

zone of the medial ganglionic eminence. Discrete neuronal populations of the basal 

ganglia and cerebral cortex are also lost (Casarosa et al., 1999). Molecular analysis of 

Mash-l function revealed that Mash-l is required to activate the mammalian Notch 

signalling pathway in the ventral telencephalon, since Mash-l mutant embryos exhibited 

a loss of the expression of Notch ligands DilI and DIl3, and the mammalian homologue 

of Drosophila Hairy and Enhancer of ~plit gene, HesS, a target of Notch signalling 

(Casarosa et al., 1999). In Drosophila, transcription of the Delta gene is directly 

regulated by proneural proteins (Künisch et al., 1994). These results suggest that Mash-l 

is a key component in the regulation of neurogenesis in the ventral telencephalon, where 

it is required both to specify neuronal precursors and to control the timing of their 

production (Casarosa et al., 1999). 

Molecularly, the mechanism by which Mash-l activates transcription IS very 

similar to that of as-c in Drosophila. Mash-l dimerizes with E47, the mammalian 

homologue of Drosophila proneural protein Daughterless, and together these proteins 

bind to the E box where they promote transcription oftarget genes (reviewed by Jan and 

Jan, 1994). 
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In vertebrates, other pro neural bHLH proteins have been identified with similar 

molecular and functional properties to their Drosophila counterparts. These include 

neurogenins, NeuroD, Math proteins, which are related to Drosophila atonal, and Xash3 

or Cash4, which are related to Drosophila aeheate and seute (Guillemot, 1999; Bertrand 

et al., 2002). It has been previously shown that proneural bHLH proteins are under 

negative regulation by another family of bHLH factors named Hes (Hairy and Enhancer 

of split) during both Drosophila and vertebrates neurogenesis. The balance between these 

factors assures the proper neural development of the brain. 

1.1.5 Drosophila Hes proteins 

Drosophila Hes proteins define a family of transcription factors characterized by a four 

amino acids WRPW motif located at their extreme C-terminus which mediates 

interaction with the general transcriptional corepressor Groucho (Fisher et al., 1996). 

They possess also a proline-rich region and a region called the "orange" domain or 

Helix3-Helix4 domain, rich in hydrophobic residues and important for the specificity of 

interaction (Bae et al., 2000). In addition, they are characterized by a bHLH domain at 

their N-terminus. The HLH motif mediates homo- or heterodimerization between Hes 

factors and the basic motifmediates specific interaction with DNA (Ohsako et al., 1994). 

In contrast to proneural proteins which interact with the DNA sequence CANNTG or E 

box, Hes factors bind preferentially with the DNA sequence CACNAG, referred to as N 

box (although they were shown to bind with a lower affinity to the E box as well) (Sasai 

et al., 1992; Ohsako et al., 1994; Iso et al., 2003). It has been demonstrated that binding 
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to the N box sequence is required for the Drosophila Hairy/Hes proteins to repress ac 

gene expression, both in vitro and in vivo (Ohsako et al., 1994). 

1.1.6 Mammalian and Drosophila Hes pro teins share conserved properties 

So far, seven mammalian Hes genes have been identified, Hes1 through Hes7, and shown 

to have very important functions during mammalian development. Among aIl, Hes 1 is the 

best characterized both biologically and molecularly. During the development of the 

nervous system, Hesl is specifically expressed by mitotic neural progenitor cells present 

in the VZ, and its expression decreases when cells start to differentiate (Sasai et al., 1992) 

Ectopic expression of Hes 1 was shown to inhibit neuronal differentiation and the cells 

expressing Hes 1 remained as progenitor cells (lshibashi et al., 1994; Tomita et al., 1996). 

This negative effect ofHesl on differentiation is thought to be in part due to inhibition of 

the positive bHLH factors like Mashl (Sasai et al., 1992). On the other hand, Hesl

deficient mice exhibited premature differentiation of neural precursor cells into neurons 

and expression of bHLH genes such as Mash1 is up-regulated suggesting that up

regulation of Mash1 may account for the premature neuronal differentiation and that 

Mash1 is a likely target for direct repression by Hesl (lshibashi et al., 1995; Tomita et al., 

1996). In fact, it was shown that Hesl binds directly to the Mash1 promoter and represses 

its activity (Chen et al., 1997). Together, these results show that Hes proteins are negative 

regulators of neurogenesis and that their functions have been conserved in both 

Drosophila and mammals. Molecularly, the transcription repression activity of Hes 

proteins was demonstrated to require the participation of a family of transcriptional co

repressors termed Groucho/TLE proteins. 
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1.1.7 GroucholTLE pro teins as positive regulators of Hes activity during neurogenesis 

In an effort to better understand how Hes pro teins function as repressors, a number of 

studies suggested that the mechanisms underlying Hes activity are mediated by the 

transcriptional co-repressor protein Groucho (Gro). 

In Drosophila, genetic studies revealed that loss of groucho function resulted in a 

phenotype similar to that of loss of Hes function (De1idakis et al., 1991; Schrons et al., 

1992; Paroush et al., 1994; Heitzler et al., 1996). In both cases, supernumerary neurons 

are produced. These results first suggested a genetic interaction between groucho and 

Hes genes (Delidakis et al., 1991; Schrons et al., 1992; Paroush et al., 1994; Heitzler et 

al., 1996). Groucho and Hes proteins were shown to physically interact with each other 

through a motif present at the carboxy-terminal domain of Hes proteins called the 

WRPW motif (Paroush et al., 1994; Fisher et al., 1996). This interaction was shown to be 

required for Hes mediated transcriptional activity and mutation in the WRPW motif 

abolished Hes activity ( Fisher et al., 1996). 

Similar results were obtained in vertebrates, where the mammalian Groucho 

homologues are referred to as Transducin-like Enhancer of split (TLE) proteins. Studies 

have demonstrated that Hes 1 and Gro/TLEs are coexpressed in a number of tissues 

during deve10pment inc1uding the brain (Dehni et al., 1995; Grbavec et al., 1996; Yao et 

al., 2001) and that they physically interact through the WRPW motif (Fisher et al., 1996; 

Grhavec et al., 1996). Functionally, Hes1 and Gro/TLE proteins form transcription 

repression complexes where Hes 1 pro vides a specifie DNA-binding activity and 

Gro/TLE acts as transcriptional corepressor (McLarren et al., 2001; Yao et al., 2001). 

Consistent with this model, mutations that render Hes 1 unable to interact with Gro/TLEs 
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impair the transcriptional repression activity of Hesl (McLarren et al., 2000; McLarren et 

al., 2001; Gratton et al., 2003). AlI together, these findings strongly suggest that Hes and 

Gro/TLEs work together, forming transcriptional repression complexes to prevent or 

delay neuronal differentiation during neurogenesis. 

1.1.8 Molecular features of Gro/TLE pro teins have been conserved throughout evolution 

Drosophila Groucho, a matemaIly contributed nuclear factor (Hartley et al., 1998; 

Delidakis et al., 1991), is the founding member of a family of evolutionary conserved 

transcription corepressor proteins. It was identified in 1968 by a viable mutation that 

resulted in clumps of extra bristles above the fly adult eyes, resembling the bushy 

eyebrows of Groucho Marx (Lindsley and GreIl, 1968). This family includes the Groucho 

mammalian homologues Groucho-related-genes (Grgs), the rat enhancer of split proteins 

(ESPs) and the human Transducin-like Enhancer of split (TLE) proteins 1 through 4 

(Stifani et al., 1992; Koop et al., 1996; Leon and Lobe, 1997). Gro/TLE proteins are 

characterized by two highly conserved domains: the N-terminal glutamine-rich domain 

(Q domain) and the C-terminal WD-repeat domain (WD domain). They possess also a 

less weIl conserved core region composed of a Glycine/Proline-rich domain (GP 

domain), a region caIled the CcN domain containing phosphorylation sites for caseine 

kinase II (CKII) and possible phosphorylation sites for p34cdc2 kinase proximal to a 

putative nuclear localization sequence (NLS), and finaIly a SerinelProline-rich domain 

(SP domain) (Stifani et al., 1992; NuthaIl et al., 2002; Nuthall et al., 2004). The Q 

domain contains two putative leucine zipper motifs involved in mediating 

oligomerization between Gro/TLE proteins (Pinto and Lobe, 1996; Chen et al., 1998). It 
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has been also demonstrated that both the Q and SP domains are important in mediating 

repression when targeted to a DNA template via fusion to the GAL4 DNA binding 

domain (Grbavec et al., 1998; Chen et al., 1999). Furthermore, together with the GP 

domain, the Q domain provides binding sites for histone H3 and histone deacetylases 

(HDACs), suggesting a mechanism for the transcription repression function mediated by 

Gro/TLE proteins (Palaparti et al., 1997; Choi and Kim, 1999; Chen et al., 1999; Flores

Saaid et al., 2000; Yao et al., 2001; Brantjes et al., 2001). 

The most highly conserved region of the Gro/TLE pro teins is the WD domain at 

the C-terminal end. This region displays a very complex structure made up of seven 

repeats or blades of about 40 residues, each composed of four-stranded antiparallel P

sheets-the so-called p-blades. Almost each repeat contains the conserved Trp-Asp (WD) 

motif (Pickles et al., 2002). The WD domain ofhuman TLEI can functionally replace the 

WD domain ofUNC-37, a Groucho homologue of C. elegans, suggesting a high degree 

of functional conservation (Pflugrad et al., 1997). Several studies have shown that the 

Gro/TLE WD domain functions as a multifunctional protein-protein interaction site 

(reviewed in Chen et al., 2000 and Pickles et aL, 2002) for a number of transcription 

factors such as bHLH Hes proteins (Paroush et aL, 1994; Fisher et aL, 1996; Grbavec et 

aL, 1998; McLarren et aL, 2001), winged-helix factors (Wang et aL, 200; Yao et al., 

2001) and homeodomain proteins containing the engrailed-homology region 1 motifs 

(Eberhard et aL, 2000; Jimenez et aL, 1997; Muhr et aL, 2001; Tolkunova et aL, 1998; 

Yao et al., 2001). 

Mutation analysis has provided a powerful tool to investigate the functional 

specificity of the WD domain. In C. elegans, several UNC-37 mutants have been 
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characterized and have provided a better understanding of UNC-37 function. UNC-37 is 

involved in regulating VA motor neuron wiring via interaction with the UNC-4 

homeodomain transcription factor. Mutation involving the substitution of a conserved His 

residue (His539Tyr) in the fifth WD repeat resulted in a neuronal identity switch from a 

V A motor neuron to a VB motor neuron, translating into movement defects in the worm. 

Substitution of the WD domain of UN C-37 with that of TLE 1 was shown to restore the 

VA motor neuron identity. These results suggest that the highly conserved WD domain is 

involved in cell fate decisions and that mutation of that domain may interfere with the 

interaction of Gro/TLE proteins with specifie DNA binding factors (Ptlugrad et al., 

1997). In agreement with this, another UNC-37 mutation, Glu394Lys, identifies a 

putative key residue that could mediate specifie protein-protein interaction. In the human 

TLE1 protein, the equivalent residue Glu550 is localized to the second WD repeat. 

Mutation of this residue for an Ala has been shown to disrupt the interaction between 

TLE1 and Hes1, but not with Brain-factor 1 (BF-1) or RUNX 1 (M. Buscarlet and S. 

Stifani, unpublished data). These results suggest that specifie residues within the WD 

domain of Gro/TLE proteins are involved in mediating interaction with specifie 

transcription factors. 

As corepressors, Gro/TLE proteins cannot bind to DNA directly but can be 

targeted to a variety of specifie gene regulatory sequences through interaction with 

numerous DNA-binding transcription factors. In addition to the proteins mentioned 

previously, Gro/TLEs interact with the paired-like homeodomain repressor Hesx1, a 

regulator of pituitary development (Dasen et al., 2001). The Q, GP and WD domains of 

TLE1 are required for the interaction with Hesx1 (Dasen et al., 2001), whereas the 
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interaction between Gro/TLEs and RUNX proteins is mediated by both the Q and WD 

domains (McLarren et al., 2000). These results suggest that different DNA binding 

proteins may interact with different domain of Gro/TLEs. As a result of these interactions 

with various transcriptional regulators, Gro/TLEs are involved in many developmental 

processes. For example, Drosophila Groucho is required for sex determination, 

segmentation, eye development, dorsoventral patteming and neurogenesis (Chen et al., 

2000) Vertebrate Gro/TLEs have been implicated in events such as neuronal 

differentiation (Yao et al., 2000), dorsoventral patteming of the neural tube (Muhr et al., 

2001), skeletogenesis (Dehni et al., 1995; Thirunavukkarasu et al., 1998; Javed et al., 

2000) and hematopoiesis (Levanon et al., 1998; Ren et al., 1999; Eberhard et al., 2000). 

1.1.9 Implication ofmammalian Gro/TLEs in cell-fate determination and differentiation 

Vertebrate Gro/TLE proteins are involved in the regulation of a variety of developmental 

processes. Mammalian Groucho homologues like the human TLEs, the mouse Grgs and 

the rat ESPs are expressed during embryogenesis (Dehni et al., 1995; Koop et al., 1996; 

Leon and Lobe, 1997). In addition and similar to Drosophila Groucho, mammalian 

Groucho proteins have been implicated in the Notch signalling pathway. Both Notch and 

Gro/TLE genes are coexpressed in epithelial cells during epithelial differentiation (Liu et 

al., 1996). AIso, Gro/TLE2 and Gro/TLE3 are expressed in the developing mouse 

placenta, where they are coexpressed with Mash2, Notch2, Hes2 and Hes3 (Nakayama et 

al., 1997). These findings suggest that the function of Gro/TLE proteins in Notch 

signalling is conserved. 
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During neurogenesis, Gro/TLEs are widely expressed throughout the developing 

CNS and PNS. Their expression profile has suggested non-redundant functions during the 

regulation of neuronal detennination and differentiation in mammals. Individual 

Gro/TLE proteins have distinct expression patterns during in vitro and in vivo cell 

differentiation of mouse P 19 embryonic carcinoma celIs. In response to neural induction, 

Gro/TLE 1 expression was shown to be up-regulated, whereas Gro/TLE2 was down

regulated (Husain et al., 1996; Yao et al., 1998). In contrast, Gro/TLE3 (Husain et al., 

1996) and Gro/TLE4 levels remained constant during the same period (Yao et al., 1998). 

Individual Gro/TLE proteins are also expressed in combinatorial as well as 

complementary patterns during in vivo development of the cerebral cortex and spinal 

cord of mouse embryos (Yao et al., 1998). In particular, Gro/TLE 1 and Gro/TLE3 

proteins are robustly expressed in undifferentiated neural progenitor celIs located in the 

VZ, whereas Gro/TLE2 and Gro/TLE4 are preferentially expressed in differentiating/ed 

postmitotic neurons outside the VZ (Dehni et al., 1995; Liu et al., 1996; Grbavec et al., 

1998; Yao et al., 1998). Taken together, these results suggest that Gro/TLE genes are 

involved in cell proliferation and differentiation processes during mammalian 

neurogenesls. 

1.1.10 Gro/TLE pro teins are negative regulators of neurogenesis 

Loss-of-function of Drosophila groucho results in the production of supernumerary 

sensory bristles, similar to the phenotype observed in loss-of-function mutations of 

components of the Notch signalling pathway (Lindsley and Grell, 1968). This suggests 

that, in vivo, Groucho is a negative regulator of Drosophila neurogenesis. A number of 
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findings suggested that Gro/TLE proteins may perform a similar function during 

mammalian neurogenesls. Gro/TLEI is highly expressed in undifferentiated neural 

progenitor cens located in the vz. Its expreSSIOn decreases when newly specified 

postmitotic neurons are generated, and remains low during early stages of neuronal 

differentiation (Dehni et al., 1995; Yao et al., 1998). Hesl is also robustly expressed in 

undifferentiated neural progenitor cens, where it is co-expressed with Gro/TLE 1 

(Akazawa et al.,1992; Sasai et al., 1992; Dehni et al., 1995; Yao et al., 1998). These 

results suggested that Hes 1 may work together with Gro/TLE 1 to form transcription 

complexes that act as negative regulators of neuronal differentiation. An involvement of 

Gro/TLE 1 in the development of the nervous system has been also suggested by the 

finding that the C. elegans groucho-related gene, unc-37, controls the specification of 

motor neuron identity during worm development (Ptlugrad et al., 1997). The C-terminal 

domains of UNC-37 and Gro/TLEI are functionnally interchangeable during motor 

neuron differentiation, suggesting that Gro/TLE proteins may perform evolutionarily 

conserved roI es during neuronal development. Furthermore, studies with transgenic mice 

showed that constitutive expression of Gro/TLE 1 in postmitotic neurons inhibits neuronal 

differentiation in the forebrain, leading to increased apoptosis and loss of cortical and 

striatal neurons in the telencephalon (Yao et al., 2000). An together, these findings 

strongly suggest that Gro/TLE family members are important negative regulators of 

mammalian neurogenesis. 

1.1.11 Molecular mechanisms underlying the transcriptional repression function of 

Gro/TLE pro teins in development 
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The molecular mechanisms by which Gro/TLE pro teins mediate transcriptional 

repression are still po orly understood. Nonetheless, a few studies have yielded initial 

insights on these mechanisms. 

Multiple regions of Gro/TLE proteins contribute to their repressive function. The 

N-terminal Q domain mediates tetramerization, protein-protein interaction, and 

transcriptional repression (Grbavec et al., 1998; Chen et al.,1998; Song et al., 2004). This 

domain is characterized by the presence of putative coiled-coils structures, likely 

involving a pair of amphipathic a-he1ical motifs, AHI and AH2, and involved in 

mediating oligomerization between Gro/TLE proteins (Pinto and Lobe, 1996; Chen et al., 

1998; Song et al., 2004). The Q domain of Gro/TLEs was shown to repress transcription 

in cultured cells when recruited to DNA via fusion to the GAL4 DNA-binding domain 

(Fisher et al., 1996), and point mutations in the AHI and AH2 motifs were found to 

interfere with the ability of Gro/TLEs to mediate transcriptional repression both in vitro 

and in vivo (Chen et al., 1998; Song et al., 2004), suggesting that tetramerization of 

Gro/TLE proteins is required for their repressive function. In addition to the Q domain, 

the GP and SP regions of Gro/TLEs were also found to play direct roles in transcriptional 

repression. Both regions are able to direct repression when targeted to DNA (Grbavec et 

al., 1998; Chen et al., 2000). 

Gro/TLE proteins have been proposed to be involved in chromatin remodelling. 

They were shown to associate with chromatin and to specifically interact with the amino

terminal domain of histone H3 (Palaparti et al., 1997). In addition, Gro/TLE 1 was shown 

to associate with the nuclear matrix (Javed et al.,2000). These findings suggested that 

Gro/TLE-mediated repreSSlOn may involve chromatin-dependent mechanisms. 
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Furthermore, Drosophila Groucho interacts with the histone deacetylase Rpd3. In 

particular, these proteins form a complex in vivo and Rpd3 interacts directly via the 

Groucho GP domain (Chen et al., 1999). Genetic analysis of embryos doubly 

heterozygous for groucho and Rpd3 revealed high levels of embryonic lethality as weIl as 

bicaudal patterning defects not seen in single heterozygous embryos, suggesting a 

functional interaction between Groucho and Rpd3 (Chen et al., 1999). In addition, 

mutation in Rpd3 prevented the potentiation of Groucho-mediated repression of Rpd3 in 

cultured cells. Consistent with these findings, Groucho primarily interacts with 

hypoacetylated histone H3 (Flores-Saaib and Courey, 2000). All together, these 

observations suggested that, when targeted to DNA, oligomers of Gro/TLE proteins may 

interact with histones where recruitment of histone deacetylases would cause 

deacetylation of histones leading to the generation oftranscriptionally silenced chromatin 

structure (Flores-Saaib and Courey, 2000). In agreement with this model, the 

transcriptional repression activity of complexes of Gro/TLE proteins and the DNA 

binding transcription factor Brain Factor-l were shown to utilize histone deacetylase 

activity (Yao et al., 2001). 

Recent studies have also suggested that the recruitment of histone deacetylases 

may not be the only mechanism by which Gro/TLEs mediate transcriptional repression. 

In fact, the Q domain of Gro/TLE was shown to interact with the basal transcription 

factor TF IlE in HeLa nuclear extracts, consistent with the finding that unc-37 genetically 

interacts with component of the basal transcriptional machinery in C. elegans (Yu et al., 

2001; Zhang et al., 2002). This result suggests that Gro/TLE proteins may also repress 
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transcription by establishing inhibitory interactions with the basal transcriptional 

machinery. 

1.1.12 Functional diversity of Gro/TLE pro teins as corepressors during development 

Drosophila groucho mutant embryos display multiple defects in many developmental 

processes including neurogenesis, segmentation, sex determination, dorsal/ventral and 

terminal pattern formation, as well as patterning of the compound eye, suggesting a broad 

involvement of Groucho during embryogenesis (Paroush et al., 1994, Paroush et al., 199, 

Dubnicoff et al., 1997, Aronson et al., 1997, reviewed by Parkhurst, 1998 and Chen et al., 

2000). In agreement with these findings, Groucho was shown to interact with numerous 

sequence-specific DNA-binding transcription factors implicated in diverse cell 

differentiation events (Fisher and Caudy, 1998, Parkhurst, 1998, Chen et al., 2000). 

Interestingly, a number of these transcription factors appear to recruit Gro/TLE proteins 

to DNA via short peptide motifs. For example, homeodomain-containing proteins like 

Engrailed, Goosecoid and Nkx associate with Groucho through the engrailed homology 

domain 1 (ehl) motif (F-S-I-X-X-I/L-I/L) (Jimenez et al., 1997; Choi et al., 1999), bHLH 

proteins like Hes, utilize the WRPW motif (Paroush et al., 1994; Fisher et al., 1996, 

Grbavec et al., 1996; McLarren et al., 2000), and zinc-finger proteins such as Huckebein 

use the FRPW motif (Goldstein et al., 1999). 

Gro/TLE pro teins not only associate with factors acting as dedicated 

transcriptional repressors but also with factors that can act as transcriptional activators. In 

these cases, Gro/TLEs often function to convert transcriptional activators into repressors. 

These factors include Rel domain containing pro teins like Dorsal (Dubnicoff et al., 1997; 
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Valentine et al., 1998; Tetsuka et al., 2000), as well as HMGbox proteins such as 

TCF/LEF family members (Roose et al., 1998; Brant je et al., 2001). In addition, 

Gro/TLEs interact with proteins that can act as both transcriptional activators and 

repressors. Such proteins are for example Runt domain pro teins like Runt and AML 

(Aronson et al., 1997; Levanon et al., 1998; McLarren et al., 2000), and Paired domain

containing proteins 1ike Pax5 (Eberhard et al., 2000). 

Recent studies have demonstrated that modulation of the phosphorylation state of 

Gro/TLE may be a mechanism by which the activities ofthese proteins may be regulated. 

In particular, the interaction of Gro/TLE with certain DNA binding proteins leads to 

hyperphosphorylation of Gro/TLE (Eberhard et al., 2000; Nuthall et al., 2002). In 

particular, the interaction with Hes1 leads to Gro/TLE hyperphosphorylation, increased 

transcription repression activity and nuc1ear association (Nuthall et al., 2002). This 

process is thought to require protein kinase CK2, which can phosphorylate Gro/TLE 1 at 

serine239 in vivo. Mutation of this conserved residue into alanine decreases Hes1-

induces hyperphosphorylation of Gro/TLE 1 and also reduces both the nuc1ear association 

and the transcription repression activity of Gro/TLE1 (Nuthall et al., 2004). Moreover, 

phosphorylation of S239 was shown to be required for the antineurogenic function of 

Gro/TLE1 (Nuthall et al., 2004). These results suggest that the transcription repression 

activity of Gro/TLE proteins is regulated by phosphorylation events induced by 

interaction with DNA binding partners and provide additional insights into the regulation 

of Gro/TLE activity during neuronal differentiation. 
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1.1.13 BF-1 is essentialfor the development of the telencephalon 

During the development of the telencephalon, Gro/TLE proteins were shown to work 

together with an important regulator of cortical neuronal development named Brain 

Factor 1 (BF-1, also known as Foxg1) (Kaestner et al., 2000). BF-1 is a member of the 

Winged-Helix (WH) family of transcription factors (Tao and Lai, 1992). Members ofthis 

family are characterized by the presence of a highly conserved 110-aa DNA binding 

domain, the winged-helix domain, first identified in the HNF-3 proteins (Lai et al., 1990; 

Lai et al., 1991; Clark et al., 1993). BF-1 plays crucial roles in the development of 

specific forebrain structure such as telencephalic vesicles, olfactory bulbs and optic 

vesicles (Tao and Lai, 1992; Hatani et al., 1994; Xuan et al., 1995; Bourguignon et al., 

1998). 

BF -1 expresslOn ln the developing brain is restricted to the telencephalic 

neuroepithelium, the nasal half of the retina and the optic stalk. In the developing 

telencephalic neuroepithelium, BF-1 expression is high in the proliferating neural 

progenitor cells located in the VZ, and continues to be detected in postmitotic cells (Tao 

and Lai, 1992; Hatani et al., 1994; Dou et al., 1999). In the adult brain, BF-1 persists in 

neurons and glia of the cerebral hemisphere. A number of studies have demonstrated that 

BF-1 is an essential regulator of forebrain development. Analysis of BF-1 null mouse 

embryos revealed that they are normal at E9.5 but by E10.5 they exhibit severe 

hypoplasia of the cerebral hemispheres. This phenotype appears to be caused by a drastic 

reduction in the proliferation of the neuroepithelial cells in the VZ of the developing 

telencephalon as well as a premature ons et of neuronal differentiation (Xuan et al., 1995; 

Huh et al., 1999). 
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Studies in Xenopus also suggested an important role for BF -1 in neuronal 

development. Ectopic expression of Xenopus BF -1 (XBF -1) seems to have a dual effect. 

High doses of XBF-l suppressed endogenous neuronal differentiation resulting in an 

expansion of the neural plate (Bourguignon et al., 1998). Further observations led to the 

proposaI oftwo mechanisms by which high doses ofXBF-1 cause neural plate expansion. 

First, XBF-l was shown to convert ectoderm to neural fate, such that more neural 

ectoderm formed at the expense of epidermis. Second, XBF -1 promoted the proliferation 

of neuroectodermal cells. Both of these effect are thought to contribute to the expansion 

of the neural plate (Bourguignon et al., 1998; Hardcastle and Papalopulu, 2000). 

Interestingly, neuronal differentiation was ectopically induced in cells adjacent to 

high XBF-1-expressing cells. In agreement with this and in contrast to XBF-1 high 

dosage, a low concentration of XBF -1 did not suppress neuronal differentiation but 

instead induced ectopie neuronal differentiation (Bourguignon et al., 1998). These results 

suggest that XBF-1 has a dual activity dependent on its concentration, acting as a 

suppressor or an activator of neurogenesis (Bourguignon et al., 1998). 

1.1.14 BF-1 regulates dorsal-ventral and anterior-posterior patterning of the 

telencephalon 

BF-1 null mutant embryos show severe dorsal-ventral patteming defects. Ventral markers 

such as Dlx-2 and Nkx2.1 are absent whereas dorsal markers such as Emx2 and Pax6 are 

expanded to more ventral domains (Dou et al., 1999). The dorsal-ventral patteming ofthe 

forebrain is regulated by ventral patteming signaIs such as Sonic Hedgehog (Shh) and 

dorsal signaIs such as Bone Morphogenic Proteins (BMP). BMPs derive from the non-
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neural ectoderm flanking the neural plate (Shimamura et al., 1997). In BF -1 knockout 

mice, loss of Shh expression was observed specifically within the developing ventral 

telencephalon (Huh et al., 1999; Dou et al., 1999). In contrast, BMP2, 4, 6 and 7 were 

ectopically expressed in the dorsal telencephalon (Dou et al., 1999; Hanashima et al., 

2002). These results suggest that BF-l contribute to dorsal-ventral patteming both 

through inducing Shh expression and repressing BMP expression (Dou et al., 1999). 

Other studies have also suggested a role for BF-l in anterior-posterior patteming 

of the forebrain. Cells at the junction between the anterior neural plate and the anterior 

ectoderm define a structure called the anterior neural ridge (ANR). Fibroblast growth 

factor 8 (FGF8) is present in the ANR at the four somite stage (Crossley and Martin, 

1995; Shimamura et al., 1997) and in neural plate expIant studies, it has been 

demonstrated that FGF8 is able to substitute for the activity of the ANR and to induce 

BF -1 expression in neural tissue. These observations suggest that FGF8 may be important 

in the initiation of BF -1 expression in the anterior neural ridge and that a patteming role 

is attributed to BF-l for anterior-posterior neural plate axis formation in response to 

FGF8 (Shimamura et al., 1997). 

1.1.15 BF-l is an important regulator of cel! proliferation, difJerentiation and cel! fa te 

A number of studies have demonstrated that winged-helix transcription factors are 

important for cell proliferation (Li et al., 1993, 1997; Xuan et al., 1995, Bourguignon et 

al., 1998; reviewed by Kaufmann and Knorchel, 1996). In addition to its role in neural 

patteming, BF-l is a multifunctional molecule involved in other processes during 

forebrain development. BF-l loss-of-function studies in mice showed a reduction of 
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progenitor cell proliferation and their premature differentiation, which results in reduced 

cerebral hemisphere size (Xuan et al., 1995). In addition, ectopie expression of XBF-1 in 

Xenopus caused a suppression of neuronal differentiation and an expansion of the neural 

tube, possibly due to both an increase in neural progenitor cell proliferation and a switch 

of tissue fated to become ectoderm to a neural fate (Bourguignon et al., 1998; Hardcastle 

and Papalopulu, 2000). These results suggest that BF-1 might regulate neural progenitor 

cell proliferation and the timing of neuronal differentiation in the developing 

telencephalon (Xuan et al., 1995; Bourguignon et al., 1998; Dou et al., 1999; Hardcastle 

and Papalopulu, 2000). 

More recent studies have suggested that BF-1 controls the proliferation and 

differentiation of progenitor cells through different mechanisms. Genetic analysis in mice 

where endogenous BF-1 protein have been replaced with a DNA binding defective form 

of BF-1 (BF_1NHAA
) revealed that BF-1 regulates progenitor cell proliferation and 

differentiation in the neocortex through distinct DNA binding-independent and binding

dependent mechanisms, respectively (Dou et al., 2000; Hanashima et al., 2002). 

Compared with wild-type embryos, the proliferation of progenitor cells was maintained 

in BF -1 NHAA mutant embryos, indicating that BF -1 NHAA protein can substitute for the 

wild-type BF-1 protein (Hanashima et al., 2002). This result suggested that BF-1 

promotes progenitor cell proliferation through a DNA binding-independent mechanism. 

Consistent with this finding, previous in vitro studies demonstrated that BF-1 antagonizes 

the antiproliferative activity of Transforming-Growth-Factor P (TGF-P) through a DNA 

binding-independent mechanism (Dou et al., 2000; Rodriguez et al., 2001). TGF-I) and 

related peptides are expressed in the developing brain during neurogenesis (reviewed by 
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Battner et al., 2000). They inhibit the proliferation of many types of epithelial cells in the 

embryos (Feijen et al., 1994; Furuta et al., 1997; Pelton et al., 1991; Moustakas et al., 

2002). TGF-~ signalling cascade is initiated when TGF-~ ligands binds to the TGF-~ 

type II receptor, which in tum trans-phosphorylates and activates the TGF-~ type l 

receptor. This leads to the phosphorylation of cytoplasmic Smad3 proteins, which 

associate with Smad4. Together, they are translocated to the nucleus where they form 

transcriptional complexes with different DNA binding partners. Ultimately, the TGF-~ 

cascade leads to the transcriptional activation of cyclin-dependent inhibitors such as 

p21Cip1 and p15nk4b (Alexandrow and Moses, 1995). BF-1 was shown to be involved 

in the negative regulation of the TGF-~ signalling cascade by, in part, interacting with the 

transcriptional coactivator partner of Smad2, FAST -2 (Dou et al., 2000) and by 

interacting with Smad proteins themselves, preventing them from binding DNA in the 

nucleus (Rodriguez et al., 2001). As an indirect effect of these interactions, BF -1 was 

shown to repress expression of the cyclin-dependent kinase inhibitor p21Cip1 (Rodriguez 

et al., 2001; Seoane et al., 2004). 

In contrast to the mechanism by which BF-1 regulates progenitor cell 

proliferation, BF-l was shown to negatively regulate neuronal differentiation through a 

DNA binding-dependent mechanism. In fact, compared with wild-type embryos, embryos 

carrying the DNA-binding defective form ofBF-l exhibited an increase in the number of 

cells stained for the neuronal marker MAP2 in the mantle zone, suggesting that the 

regulation of neuronal differentiation requires the DNA binding activity of BF-l 

(Hanashima et al., 2002). It was previously shown that BMP genes such as BMP2, 4, 6 

and 7 are ectopically expressed in the telencephalic neuroepithelium ofBF-1 (-/-) mutant 
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(Dou et al., 1999; Hanashima et al., 2002). The BMPs belong to the TGF-~ superfamily 

and they have been demonstrated to play a role during neurogenesis. For example, BMP4 

inhibits proliferation of neural progenitor cells and promotes their differentiation into 

neurons. Mutant embryos for the DNA-binding defective form of BF-1 also exhibited 

ectopie expression of BMPs like the null mutant suggesting the requirement of a DNA 

binding activity by BF-1 to repress BMPs expression and, consequently, to inhibit 

neuronal differentiation. 

Studies in Xenopus have reported that BF-1 affects directly the expression of the 

cdk inhibitor p27Xic1, without prior protein synthesis (Hardcastle and Papalopulu, 2000). 

p27Xic1 expression is restricted to the mesoderm where it coincides with non-dividing 

cells. It has been reported that p27Xic1 is highly expressed in cells destined to become 

primary neurons and is crucial at early stages of neurogenesis (Vernon et al., 2003). 

Overexpression of p27Xic1 promotes ectopie neurons formation while its ablation 

prevents differentiation of primary neurons (Vernon et al., 2003). XBF-1 was shown to 

regulate p27Xic1 expression in a dose-dependent manner where high or low doses of 

XBF-1 suppressed or ectopically induced p27Xic1 expression (Hardcastle and 

Papalopulu, 2000), suggesting that regulation of p27Xic1 may be a mechanism by which 

XBF-1 affects the differentiation ofneural progenitor cells. 

Recent studies have provided additional insight into the functions of BF-1 in cell 

fate regulation during mammalian cerebral corticogenesis. The adult mammalian cerebral 

cortex comprises six layers of neurons. The neurons in each layer are generated in an 

orderly sequence during development and exhibit unique traits. Transplantation studies 

have suggested that early-born neurons can adopt later cell fate but not the converse 
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(Jessell, 2000; McConnell and Kaznowski, 1991; Frantz and McConnell, 1996; Desai and 

McConnell, 2000). Cajal-Retzius (CR) cells, which reside in layer 1, are the earliest born 

neurons and they have been demonstrated to be very important for the development of a 

well organized cerebral cortex (D'Arcangelo et al., 1995; Frotscher, 1995; Hirotsune et 

al., 1995; Marin-Padilla, 1998). In the cortex of mice lacking BF-1, CR neurons were 

overproduced at the expense of ER81 neurons of layers VI and V, which are usually 

generated later (Hanashima et al., 2004). BF-1 is nonnally expressed by neuronal 

progenitor ceUs and postmitotic neurons but is completely absent in mature CR neurons 

in the cortex suggesting that early neuronal fate is actively suppressed by BF-1 in later 

progenitors (Hanashima et al., 2004). Conditional knock-out of BF-1 in later progenitor 

ceUs, after CR neurons were generated, demonstrated that in mice where BF-1 expression 

was rescued, the correct laminar organization was restored (Hanashima et al., 2004). 

Active removal of BF-1 in these mice reinitiated CR ceU production. Interestingly, cell

labelling with bromodeoxyuridine showed that the progenitor ceUs that are normally 

destined to generate deeper layer neurons (ER81) switched fated to pro duce CR neurons 

instead (Hanashima et al., 2004). Together, these results suggested that BF-l is required 

to suppress CR cell fate and implicate BF-1 in the regulation of early cortical cell fate 

during mammalian corticogenesis. 

1.1.16 BF-1 may act as both as a transcriptional repressor and activator 

BF-1 acts primarily as a transcriptional repressor (Li et al., 1995; Bourguignon et al., 

1998; Yao et al., 2001). This was first suggested based on the analysis of the avian BF-1 

homologue Qin. Qin shares 98% sequence homology with BF-1 in the DNA binding 
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domain and the N-terminus (Li et al., 1995) and it can bind DNA and mediate repression 

of a basally active promoter in transiently transfected mammalian cell lines (Li et al., 

1995; Li et al., 1997). The first suggestion that BF -1 mediates transcriptional repression 

came from a study in Xenopus where ectopic expression of fusion pro teins of the DNA 

binding domain of XBF-1 and the strong repressor domain of Drosophila Engrailed 

mimicked the effects of full-length XBF-1 overexpression (Bourguignon et al., 1998). 

The repression domain of Engrailed was shown to repress transcription through 

interaction with Groucho (Jimenez et al., 1997; Tolkunova et al., 1998). Thus, these 

findings suggested that BF -1 may also utilize Groucho to mediate its repressive function. 

This possibility was supported by the fact that the winged-he1ix protein HNF-3~ was 

shown to interact with Gro/TLE proteins (Wang et al., 2000) and that BF -1 and Gro/TLE 

proteins are coexpressed in neural progenitor cells of the mammalian te1encephalon 

(Dehni et al., 1995; Xuan et al., 1995; Yao et al., 1998; Yao et al., 2000). Following these 

observations, BF-1 was shown to directly interact with TLEs in vivo (Yao et al., 2001). 

Furthermore, the ability of BF -1 to mediate transcriptional repression was promoted by 

TLEs. This activity may require the participation of histone deacetylase since BF -1 was 

shown to associate with HDAC1 in mammalian cells and BF-1 repressive function was 

reduced by an inhibitor of histone deacetylase activity (Yao et al., 2001). These results 

led to the proposaI of a mechanism by which BF-1 recruits TLEs and histone 

deacetylases to repress transcription and, consequently, to negative1y regulate neuronal 

differentiation in the developing te1encephalon (Yao et al., 2001). 

Other evidence suggested that BF-1 may also work as a transcriptional activator. 

This cornes from a study in Xenopus where overexpression of fusion proteins of XBF-1 
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to the transcription activation domain of the adenoviral ElA prote in specifically 

suppressed neuronal differentiation, similar to the phenotype caused by ectopic 

expression of wild-type XBF -1 protein (Bourguignon et al., 1998). The molecular 

mechanisms by which BF -1 might act as a transcriptional activator are still unc1ear and 

under investigation. 

1.1.17 Groucho-related-gene 6 (Grg6) 

Recently, a new member of the Gro/TLE family of proteins has been identified and 

designated Groucho-related-gene 6 or Grg6 (Dang et al., 2001). Very little is known 

about Grg6. It has been discovered based on studies designed to identify downstream 

targets regulated by the oncogenic fusion protein E2A-HLF in mice. E2A-HLF is a 

chimeric transcription factor formed by the fusion of the transactivation domain of E2A 

and the bZIP DNA-binding and protein dimerization domain of Hepatic Leukemia Factor 

(HLF) (Hunger et al., 1992; Inaba et al., 1992). E2A-HLF is involved in pro-B cell 

development where it can block apoptosis of murine pro-B lymphocytes (Inaba et al., 

1996). Several Grg proteins were shown to be up-regulated in response to enforced 

expression ofE2A-HLF: Grg6 was one ofthem. 

DNA sequence analysis revealed that Grg6 is related to Gro/TLE proteins with the 

main region of homology being the WD domain (Dang et al., 2001). However, Grg6 

encodes a shorter protein of 65kDa compared to the average 95kDa for Gro/TLE proteins 

(Stifani et al., 1992; Dang et al., 2001). Like other Gro/TLE proteins, Grg6 is widely 

express both in the developing embryo and adult mice (Stifani et al., 1992; Dang et al., 

2001). Based on this structural similarity, our objective was to leam more about the 
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molecular functions of Grg6 and, ultimately, its possible involvement in neuronal 

differentiation. To address this, we have tested whether Grg6, like other Gro/TLEs, is 

expressed in the developing nervous system. We have also examined whether Grg6 is 

able to physically and functionally interact with DNA-binding proteins known to form 

transcriptional complexes with other Gro/TLE proteins during neuronal development. We 

have further investigated whether Grg6 is able to negatively regulate transcription like 

other Gro/TLEs. Finally, to determine whether Grg6 is able to antagonize neuronal 

differentiation like other Gro/TLE proteins, we have examined the effect of exogenous 

Grg6 expression on the neuronal differentiation of cortical progenitor cells. The results of 

these studies are presented in this thesis and are the first characterization of the functions 

of Grg6. 



38 

2. MATERIALS AND METHODS 

2.1 Plasmids. PCR was used to amplify the sequence encoding full-Iength Ggr6 

(oligonucleotide prim ers Grg6-1 [5'-GATGACTTCCCACAGACAGAGC-3'] and Grg6-2 

[5'-GTGTACCACATCAAGTACTGA-3']) using pMT-CB6-Ggr6 plasmid as template 

(Dang et al., 2001). The Grg6 primers map the start and stop codon ofthe Grg6 sequence. 

The PCR product with blunt ends was subcloned into pCMV2-FLAG (Sigma) digested 

with EcoRV. Construct peGFP-Grg6 was generated by first digesting pCMV2-FLAG

Grg6 with EcoRI and Kpn1 followed by subcloning into peGFP-C1 (Clonetech) digested 

with EcoRI and Kpnl. Plamid pCMV2-HA-Grg6 was obtained by digesting pCMV2-

FLAG-Grg6 with HindIII and Kpn1 followed by subcloning into pCMV2-HA digested 

with HindIII and Kpn1. pcDNA3-GAL4-Grg6 was generatd by subcloning the Grg6 PCR 

product obtained with primers Grg6-1 and Grg6-2 into the filled-in BamH1 site of 

pcDNA3-GAL4bd. Plasmids pMYC-Gro/TLE4, pCMV2-FLAG-Gro/TLE1, pCMV2-

FLAG-BF-1, pCMV2-FLAG-Hes1, pCMV2-FLAG-Hes1~WRPW, pcDNA3-GAL4bd

Gro/TLE 1, pEBG-Gro/TLE 1, pEBG-Gro/TLE 1 (1-13 5), p6B-CMV -Luc, (luciferase 

gene under the control of the cytomegalovirus [CMV] promoter linked to six BF-1 

binding sites), p6N -~actin-Luc (luciferase gene under the control of the ~-actin promoter 

linked to six Hes1 binding sites), p5X-UAS GAL4-SV40-Luc (luciferase gene under the 

control of the simian virus 40 promoter linked to five GAL4 upstream activation 

sequence (UASa) sites) were described previously (Sasai et al., 1992; Li et al., 1995; 

Grbavec et al., 1998; Yao et al., 1998; Grbavec et al., 1999; Eberhard et al., 2000; 

McLarren et al., 2000; McLarren et al., 2001; Yao et al., 2001; Swingler et al., 2004). 
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2.2 Transient transfection, protein-protein interaction assays and Western blotting 

analysis. Human HeLa or HEK 293 cells were grown and, when appropriate, transfected 

with the SuperFect reagent (Qiagen) as described previously (McLarren et al., 2001, 

Nuthall et al., 2002). Coprecipitation assays using plasmids pEBG-Gro/TLEI and pEBG

Gro/TLEI (1-135) (or pEBG as control), immunoprecipitation experiments with anti

FLAG-epitope (Sigma) or anti-Gro/TLEI antibodies, and Western blotting studies were 

performed as described previously (Dehni et al., 1995, Husain et al., 1996, Palaparti et 

al., 1997, McLarren et al., 2000, McLarren et al., 2001, Yao et al., 2001, Nuthall et al., 

2002). The antibodies used for Western blotting analysis were anti-FLAG (Sigma), anti

GFP (Molecular Probes), anti-hemagglutinin (anti-HA) (Roche), anti-panTLE (Stifani et 

al., 1992, Dehni et al., 1995, Palaparti et al., 1997), anti-GST and anti-GAL4bd (Santa 

Cruz Biotechnology), anti-MYC (BD Pharmingen) or anti-Gro/TLEI (Husain et al., 

1996, Yao et al., 1998, Yao et al., 2000). Rabbit polydonal antibodies against Grg6 

(Dang et al., 2001) were kindly provided by Dr. Jinjun Dang and used for Western 

blotting in a 1 :200 dilution after affinity purification. 

2.3 Affinity purification of Grg6 antibodies. Kidneys from adult mouse were dissected 

and prepared in a fine tissue suspension in saline (0.9% NaCI) (lg oftissue/ml of saline). 

8 ml of acetone were added per 2ml of tissue suspension and incubated on ice for 30 min, 

followed by centrifugation at 10 OOOxg for 10 min. The pellet was resuspended with fresh 

acetone, vigorously mixed and incubated on ice for 10 min, followed by centrifugation at 

10 OOOxg for 10 min. The pellet was transferred to a piece of filter paper and allowed to 

air-dry at room temperature. The powder was kept at 4°C. Fifty )..lI of Grg6 serum was 
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then mixed with 1 ml of PBS and kidney acetone powder was added to a final 

concentration of 1 %, followed by incubation at 4°C for 30 min and centrifugation at 10 

OOOxg for 10 min. The supernatant was recovered and considered as acetone treated Grg6 

serum. 293A cells were transfected with FLAG-Grg6 (total of 8 llg DNA), cell lysates 

were prepared and subjected to SDS-PAGE on a 8% gel followed by tranfer to a 

nitrocellulose membrane. A vertical strip was cut and subjected to Western blot analysis 

with anti-FLAG antibodies to visualize the position of migration of FLAG-Grg6. Based 

on that position, a horizontal strip was cut and incubated for 2 hrs in incubation buffer 

[LB., 25 mM Tris/HCI, pH 7.6, 150 mM NaCI, 0.05% Triton X-100, 5% milk powder], 

followed by incubation with acetone treated Grg6 serum. The nitrocellulose strip was 

washed extensively with LB. and PBS. The bound Grg6 IgGs were eluted by incubation 

for 5 min in lM acetic acid and 100mM glycine, pH 3.0. The supernatant was collect and 

mixed immediately with an equal volume of lM KH2P04. The affinity purified Grg6 

antibodies were stored at -20°C. 

2.4 Indirect immunofluorescence. COS-7 and cortical neural progenitor cells were 

cultured on four weIl chamber slides (Nalgene Nunc Int.) as described (Gratton et al., 

2003), fixed and permeabilized in 0.1 % IGEPAL in Hepes-buffered saline containing 4% 

paraformaldehyde. Cos-7 ceIls were transfected with either peGFP-Grg6 or pCMV2-

FLAG-BF-l. Primary antibodies for immunofluorescence were either mouse anti-FLAG, 

rabbit anti-Grg6, mouse anti-Ki67 (1 :25; BD Pharmingen) (a marker of undifferentiated 

neural progenitor ceIls) or mouse anti-NeuN (1:50; Chemicon) (a marker of differentiated 

neurons). Detection was as described in Gratton et al., (2003). 
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2.5 Transcription assays. HeLa or HEK 293 cells were transiently transfected using the 

SuperFect reagent. The total amount oftranfected DNA was adjusted in each case to 3l1g 

per well using pEFBos. Transcription studies were performed with reporter plasmids 

p6B-CMV-Luc (500 ng/transfection), p6N-~actin-Luc (111g/transfection) or p5X-UAS 

GAL4-SV40-Luc (2 l1g/transfection). Effector plasmids included pCMV2-FLAG-BF-1 

(15 ng/transfection), pCMV2-FLAG-Grg6 (25 and 50 ng/transfection), pcDNA3-

Gro/TLEI (100 ng/transfection), pCMV2-FLAG-Hesl (50 ng/transfection), pcDNA3-

GAL4bd (500 ng/transfection), pcDNA3-GAL4bd-Grg6 (50, 200 and 500 

ng/transfection), or pcDNA3-GAL4bd-Gro/TLEI (50, 200 and 500 ng/transfection). In 

each case, 250 ng of pCMV -~galactosidase plasmid DNA was cotransfected to provide a 

means of normalizing the assays for transfection efficiency. Luciferase activity values 

were expressed as mean values ± SD. For analysis of FLAG-BF-l , FLAG-Grg6, FLAG

Hesl, GAL4bd-Grg6 and GAL4bd-Gro/TLEI expression, one-tenth of total ceIllysates 

was loaded on SDS-PAGE gels, followed by Western blotting analysis with anti-FLAG 

or anti-GAL4bd antibodies. 

2.6 Cortical neural progenitor cell culture, transfection, and analysis of neuronal 

differentiation. Primary neural progenitor cell cultures were established from dorsal 

telencephalic cortices dissected from embryonic day (E) 13.5 mouse embryos as 

described previously (Gratton et al., 2003). Cells were seeded into 4-well chamber si ides 

(Nalgene Nunc Int.) (4xl05 cells/well) coated with 0.1 % poly-D lysine and 0.2% Laminin 

(BD Biosciences). Cells were cultured in Neurobasal medium supplemented with 1 % N2, 

2% B27, 0.5 mM glutamine, 1 % pennicilin-streptomicin (Invitrogen) and 40 ng/ml FGF2 
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(Collaborative Res.). After 48h in vitro, cells were transfected as described in Gratton et 

al., (2003) using plasmids encoding either enhaneed GFP alone (0.2 )lg/well) or 

combination of GFP and Gro/TLEI (0.3 )lg/well), Grg6 (0.3)lg/well) or BF-l (0.3 

)lg/well). The total amount of DNA was adjusted to 1.0 )lg/transfection. Cells were 

allowed to differentiate until day 3 in vitro, when they were fixed and subjected to 

double-label immunocytoehemieal analysis of the expression of GFP, Ki67, or NeuN. 

Digital image acquisition and analysis were performed with Northem Eclipse software 

(Empix Ine.). Results were expressed as mean values ± SD. 

2.7 RT-PCR. Total mRNA was extracted trom cortical progenitor ceUs taken trom the 

dorsal telencephalon of E15.5 mice embryos and subjected to reverse transcription with 

M-MuLV reverse transcriptase (NEB) as described in the manufacturer's instructions. As 

negative control, reactions were also performed without reverse transcriptase (RT). 

cDNA samples were stored at -20°e. The thermocycling parameters and the sequences of 

the specific primers for PCR are as follows. 94°C for 4 min, 25 cycles at 94°C for 1 min, 

50°C for 45 s and 72°C for 45 s, and 72°C for 6 min using sense primer 1 (5'

CCTAGCACAGCACTCTG-3'), antisense primer 2 (5 '-TGGATACAACTTACCTG-3'), 

or antisense primer 3 (5'-GTGTACCACATCAAGTACTGA-3'). These primers amplify a 

~1000 bp product (prim ers 1 and 3) or a ~300 bp product (primers 1 and 2). Twenty 

microliters of the PCR produets was electrophoresed on a 1.0% agarose gel. 

2.8 Preparation of whole cell lysates from neural tube tissues. Forebrain, midbrain 

and spinal cord tissues were dissected trom E16.0 mouse embryos and lysed for 30 min at 
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4°C in lysis buffer containing 0.25 mM Tris/HCl, pH 8.0, 150 mM NaCI, 1 % Triton X-

100 and proteinase inhibitor cocktail "Complete". Each lysate were loaded on a 8% 

SDS-PAGE gel and transferred to a nitrocellulose membrane followed by Western 

blotting analysis with affinity purified anti-Grg6 antibody (1 :200). 
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3. RESULTS 

3.1 Characterization of Grg6 antibodies. To begin to examine the properties of Grg6, 

we characterized a previously described anti-Grg6 antibody, following affinity 

purification as described in Materials and Methods (Dang et al., 2001) (Fig. 1). Lysates 

from human 293A cells non-transfected or transfected with FLAG epitope-tagged forms 

of Gro/TLEl or Grg6, were subjected to Western blot analysis with the affinity purified 

anti-Grg6 antibody (Fig. lA, lanes 1-3) or anti-FLAG antibody (Fig. lA, lanes 4-6). The 

anti-FLAG antibody recognized FLAG-Gro/TLEl and FLAG-Grg6 as proteins of 

roughly 95 and 67 kDa, respectively (Fig. lA. lanes 5-6). The affinity purified anti-Grg6 

antibody decorated only the FLAG-Grg6 protein but not FLAG-Gro/TLEI. This antibody 

reacted with a slower component of roughly 67 kDa and a species of slightly faster 

mobility (Fig. lA, lane3). The slower 67 kDa component comigrated with the FLAG

Grg6 protein recognized by the anti-FLAG antibody, suggesting that it may correspond to 

full-Iength Grg6. The faster form likely corresponds to a break-down product of the 

protein lacking the N-terminal FLAG epitope, since it was not detected using the anti

FLAG antibody (Fig. lA, cf. lane 3 and 6). No immunoreactive bands were decorated by 

the anti-Grg6 antibody in non-transfected cells or in cells transfected with FLAG

Gro/TLEl (Fig. lA, cf. lane 3 and lanes 1-2). To further characterize the anti-Grg6 

antibody, immunocytochemical studies were performed in COS-7 cells transfected with a 

fusion protein of GFP and Grg6. We found that the GFP fluorescence and Grg6 

immunoreactivity overlapped (Fig. l, cf. panel D and panels B-C), suggesting further that 

the anti-Grg6 antibody reacts with Grg6. Interestingly, Grg6 exhibited a predominatly 
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cytoplasmic localization in these cells. This is in contrast to the nuclear localization of 

canonical Gro/TLE proteins (Stifani et al., 1992). Together, these results suggest that the 

anti-Grg6 antibody is specific to Grg6 and that this protein is localized to the cytosol in 

transfected COS-7 cells. 

3.2 Grg6 expression in neural cells. Gro/TLE proteins are expressed in both the CNS 

and PNS where their expression is correlated with both neural progenitors and 

differentiated neurons (Stifani et al., 1992; Dehni et al., 1995; Liu et al., 1996; Grbavec et 

al., 1998; Yao et al., 1998). Because previous studies have shown the presence of Grg6 

transcripts in adult brain tissues (Dang et al., 2001), we investigated whether Grg6 is also 

expressed in the developing mammalian nervous system. Lysates from forebrain or 

midbrain tissues from E16.0 mouse embryos, together with lysates from 293A cells either 

non-tranfected or transfected with FLAG-Grg6, were subjected to Western blot analysis 

using the anti-Grg6 antibody (Fig. 2A). This antibody detected FLAG-Grg6 in 

transfected cells but not in non-transfected cells (Fig. 2A, cf. lanes 1 and 2). A band of 

about 65 kDa was detected in both forebrain and midbrain lysates (Fig. 2A, cf. lanes 2-4), 

suggesting the presence of endogenous Grg6 in these tissues. A similar immunoreactive 

band was also observed in spinal cord tissues (data not shown). These results suggest that 

Grg6 is expressed in brain tissues. 

Based on these findings, we focused our study of Grg6 on the forebrain, where the 

role of Gro/TLE proteins has been characterized previously. In particular, Gro/TLE 1 was 

shown to be expressed in the forebrain and to act as a negative regulator of neurogenesis 

in that region (Dehni et al., 1995; Yao et al., 1998; Yao et al., 2000). To examine the 
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expression of Grg6 transcripts in neural ceIls, we performed RT PCR analysis on mRNA 

isolated from primary cultures of cortical neural progenitor cells obtained from the 

telencephalon of E15.5 mouse embryos using prim ers specifie to regions of the WD 

domain of Grg6 (Fig. 2B). Using two different combinations of oligonucleotide primers, 

we detected specific PCR products of about 300 and 1000 bp (Fig. 2B, lanes 1 and 3). 

These products were not observed if the mRNA was not treated with reverse transcriptase 

(Fig. 2B, lanes 2 and 4). These results suggest that Grg6 is expressed in cortical neural 

progenitor cells of the dorsal telencephalon. To further test this possibility, we subjected 

cultures of cortical progenitor cells to immnunocytochemical analysis using anti-Grg6 

antibodies and antibody against the mitotic cell marker Ki67 (Fig. 2C-F), or the neuronal 

marker NeuN (Fig. 2G-J). As shown in panels E and l, Grg6 immunoreactivity 

overlapped with both Ki67 and NeuN expression, suggesting that Grg6 is express in both 

mitotic cells and neurons. Importantly, endogenous Grg6 expression was mainly nuc1ear 

in these primary cell cultures. Together, these findings suggest that, like other Gro/TLE 

proteins, Grg6 is expressed in differentiating neural cells. Moreover, they suggest that 

Grg6 may be involved in nuclear functions in these cells. 

3.3 Interaction of Grg6 with Brain-Factor 1 but not with Hesl. The expression of 

Grg6 in the telencephalon suggests that, like other Gro/TLE proteins, Grg6 may be 

implicated in cortical neurogenesis. To begin to address this question, we tested whether 

Grg6 might interact with DNA-binding proteins that are known to form transcription 

complexes with other Gro/TLE pro teins during neuronal development in the forebrain. 

The winged-helix protein BF -1 was previously shown to be expressed in the 
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telencephalon (Tao and Lai, 1992; Hatani et al., 1994; Dehni et al., 1995; Xuan et al., 

1995; Yao et al., 1998; Yao et al., 2000). BF-1 and Gro/TLE interact with each other and 

can repress transcription together (Yao et al., 2001). The binding of Gro/TLE proteins to 

BF-1 involves their WD40 domain (Yao et al., 2001). Since the WD40 domains of Grg6 

and Gro/TLE are highly related (Dang et al., 2001), Grg6 might also be able to interact 

with BF -1. To test this possibility, we performed coimmunoprecipitation assays in 293A 

cells transfected with FLAG-BF-1 and GFP-Grg6. We found that GFP-Ggr6 

coimmunoprecipitated with FLAG-BF-1 (Fig. 3A, lane 4) but not when cells were 

transcfected with the FLAG vector alone (Fig. 3A, lane 5). GFP alone (Fig. 3A, lane 3) 

did not interact with FLAG-BF-1 (Fig. 3A, lane 6). These results suggest that Grg6 

shares with Gro/TLE proteins the ability to interact with BF-1. To further investigate the 

interaction of Grg6 with BF -l, we tested if the intracellular localization of Grg6 changed 

in the absence or presence of BF -1. COS-7 cells were transfected with GFP -Grg6 alone 

(Fig. 4A-C) or in combination with FLAG-BF-1 (Fig. 4G-I), followed by double-label 

analysis of GFP and BF-1 expression. As shown above in Fig. 1, Grg6 displayed non

nuclear staining when expressed in the absence of BF -1 (Fig. 4C in green). BF -1 alone 

was localized to nuclei (Fig. 4F in red). In contrast, when cells were cotransfected with 

both Grg6 and BF -l, a significant amount of Grg6 immunoreactivity was detected in the 

nucleus, where BF-1 was also localized (Fig. 4G-I). A quantification of three separate 

experiments is shown in Fig. 4J. Together with the results of coimmunoprecipitation 

studies, these findings strongly suggest that Grg6 can interact with BF -1 and that this 

interaction results in a recruitment of Grg6 to nuclei. 
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To test the specificity of the interaction of Grg6 with BF-l, we asked if Grg6 

would interact with Hesl, which is another transcription factor known to negatively 

regulate neuronal differentiation and to interact with Gro/TLEs. 293A cells, which 

express endogenous Gro/TLEs (Fig .3G, lanes 1-2), were transfected with HA-Grg6 (Fig. 

3F, lanes 1-2) together with FLAG-Hesl (Fig. 3E, lane 1) or with a truncated form of 

Hesl lacking the WRPW motif necessary for Gro/TLE binding (FLAG-Hesl~WRPW) 

(Fisher et al., 1996; McLarren et al., 2001) (Fig. 3E, lane 2). Immunoprecipitation with 

anti-FLAG antibodies resulted in the coimmunoprecipitation of endogenous Gro/TLEs 

with FLAG-Hesl (Fig. 3J, lane 3) but not FLAG-Hesl~WRPW (Fig. 3J, lane 4). HA

Grg6 did not coimmunoprecipitate with either Hesl or Hesl~WPRW (Fig. 31, lanes 3-4). 

Taken together, these findings demonstrate that Grg6 can interact specifically with BF -1, 

suggesting that Grg6 is involved in BF -1 functions. 

3.4 Inhibition of BF-l-mediated transcriptional repression by Grg6. Previous studies 

have demonstrated that BF-l acts primarily as a transcriptional repressor. Futhermore, it 

was shown that BF-l can interact with Gro/TLEs and that the latter promote BF-l

mediated repression (Yao et al., 2001). To determine if BF-l and Grg6 might also 

functionally interact, we monitored BF -1-mediated transcriptional repression in the 

absence or presence of Grg6. 293A cells were transfected with a previously described (Li 

et al., 1995) reporter construct containing the luciferase gene under the control of a CMV 

promoter linked to six tandem copies of a BF -1 binding site. Transfection of this reporter 

plasmid (p6B-CMV -Luc) alone resulted in a strong basal expression of the luciferase 

gene, which was designated as 100% (Fig. 5, lane 1). Cotransfection of a BF-1 expression 
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plasmid led to a repression of basal transcription (Fig. 5, lane 2). However, when BF-l 

was cotransfected with Grg6, its repressive effect was significantly reduced (Fig .5, cf. 

lanes 2 and 3). In contrast, Gro/TLEI potentiated BF-l-mediated repression (Fig. 5, cf. 

lanes 2 and 5). Cotransfection of Gro/TLE 1 with BF -1 and Grg6 antagonized the negative 

effect of Grg6 on BF -1 (Fig. 5, cf. lanes 3 and 4). Grg6 alone had no significant effect on 

the activity of the p6B-CMV-Luc reporter (Fig. 5, cf. lanes 1 and 6) and neither Grg6 not 

Gro/TLEI had a significant effect on the activity of the CMV promo ter alone (Fig. 5, 

lanes 7-9). Moreover, Grg6 expression did not appear to affect BF -1 expression (data not 

shown). These results strongly suggest that, in contrast to Gro/TLE proteins, Grg6 is a 

negative regulator of BF -1 transcription repression activity. 

3.5 Lack of a functional interaction between Grg6 and Hesl. Based on our previous 

results suggesting that Grg6 does not interact with Hes 1, we hypothesized that Grg6 

would not affect Hes1-mediated repression. To examine this possibility 293A cells were 

transfected with the previously described (Sasai et al., 1992) p6N-~actin-Luc reporter 

construct, containing the luciferase gene under the control of a basal ~-actin promoter 

liked to six tandem copies of a Hes 1 binding site. Cotransfection of Hes 1 resulted in a 

repression of the reporter gene expression (Fig. 6A, cf lanes 2-4). Cotransfection of 

increasing amounts of Grg6 together with Hes1 had no significant effect on the repressor 

ability of Hes1 (Fig. 6A, cf. lanes 3-4 and 2). The presence of Grg6 alone had no 

significant effect on the reporter gene expression (Fig. 6A, cf. lanes 5-6 and 1). Both 

Hes1 and Grg6 proteins were expressed at similar levels (Fig. 6B). These results, together 

with the fact that Grg6 do es not interact with Hes 1, suggest further that Grg6 is not 
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involved in the regulation of Hes1 and further suggest the specificity of Grg6 for BF-1. 

These results also suggest that Grg6 does not sequester transcriptional co factors away 

from Hes1. 

3.6 Transcriptional repression by Gro/TLEI but not Grg6. Gro/TLEs are non-DNA 

binding proteins. However, previous studies have demonstrated that Gro/TLEs can 

repress transcription in cultured cells when directly recruited to DNA by fusion to the 

GAL4 DNA binding domain (Fisher et al., 1996; Grbavec et al., 1998; Chen et al., 2000). 

The negative effect of Grg6 on BF -1 suggested that, in contrast to other Gro/TLEs, Grg6 

may not be able to mediate transcriptional repression if recruited to DNA. To test this 

possibility, HeLa cells were transfected with a previously described (Catron et al., 1995; 

Fisher et al., 1996) reporter plasmid containing the luciferase reporter gene downstream 

from a simian virus 40 promo ter liked to five tandem copies of the GAL4 upstream 

activation sequence (UAS), either alone or in combination with plasmids encoding 

GAL4bd or fusion proteins between GAL4bd and Grg6 or Gro/TLE1 (Fig. 7 A). In 

agreement with previous studies (Fisher et al., 1996), the expression of GAL4bd alone 

resulted in a moderate (approx. 1.5 to 2.0-fold) activation of the reporter gene above 

basallevels (Fig. 7 A, cf. lanes 1 and 2). Cotransfection of increasing amount of GAL4bd

Gro/TLE1 led to a repression of basal transcription from the UAS-simian virus40 

promoter (Fig. 7 A, cf. lanes 1 and 6-8). In contrast, cotransfection of increasing amounts 

of GAL4bd-Grg6 did not repress nor activate basal transcription (Fig. 7 A, cf. lanes 1 and 

3-5). Both proteins were expressed at equallevels (Fig. 7B). These results suggest that, in 
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contrast to other Gro/TLE proteins, Grg6 does not act as transcriptional repressor when 

targeted to DNA. 

3.7 Reduced interaction of BF-l with Gro/TLEI in the presence of Grg6. Both Grg6 

and Gro/TLE 1 bind to BF -1. AlI three pro teins are expressed in the telencephalon (Tao 

and Lai, 1992; Hatani et al., 1994; Dehni et al., 1995; Xuan et al., 1995; Yao et al., 1998; 

Yao et al., 2000; Fig. 2). To elucidate the mechanisms underlying the inhibitory effect of 

Grg6 on BF-1, we tested whether Grg6 might compete with Gro/TLE1 for binding to BF-

1, thus titrating away the corepressor function that Gro/TLE provides to BF-l. 293A cells 

were transfected with FLAG-BF-1 alone or together with GFP-Grg6, followed by 

immunoprecipitation with anti-Gro/TLE1 antibodies to precipitate endogenous Gro/TLE1 

proteins (Fig. 8). In the absence of GFP-Grg6 (Fig. 8, lane 1), FLAG-BF-1 

coimmunoprecipitated efficiently with endogenous Gro/TLE1 (Fig. 8D, lane 5). 

However, when Grg6 was cotransfected with BF -1 (Fig. 8, lane 3), we failed to detect 

coimmunoprecipitation of BF-l with Gro/TLE1 (Fig. 8, lane 7). Grg6 also failed to 

coprecipitate with endogenous Gro/TLE 1, both in the absence or presence of BF -1 (Fig. 

8B and E, cf. lanes 2-3 and 6-7). Under these conditions, Grg6 expression did not affect 

significantly the levels of expression of BF-1 or Gro/TLE1 (Fig. 8A and C, cf. lanes 1 

and 3), suggesting that the absence ofBF-l in the immunoprecipitate was not simply due 

to a decrease in the levels of expression of these proteins. Together, these results suggest 

that Grg6 can antagonize the interaction of BF -1 with Gro/TLE 1. They also suggest that 

Grg6 does not interact with Gro/TLE. 
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Previous studies have shown that Gro/TLEs can homo- or heterodimerize (Pinto 

and Lobe, 1996; Chen et al., 1998). We therefore directly tested whether Grg6 might 

interact with Gro/TLE 1 (Fig. 9). 293A cells were transfected with plasmids encoding 

either MYC-Gro/TLE4, FLAG-Grg6, GST-Gro/TLE1 or GST-Gro/TLE1(1-135), a form 

of Gro/TLE 1 containing only the first 135 amino acids required for dimerization. 

Gro/TLE4 (Fig. 9C, lane 4) coprecipitated with GST-Gro/TLE1 (Fig. 9D and F, lane 8). 

In contrast, Grg6 (Fig. 9A, lanes 1-3) failed to coprecipitate with GST-Gro/TLEl, GST

Gro/TLEl(1-135) or GST alone (Fig. 9B and F, lanes 5-7). Similar results were obtained 

in immunoprecipitation studies preformed with FLAG-Grg6 and MYC-Gro/TLE4 using 

FLAG antibodies, where Gro/TLE4 failed to coimmunoprecipitate with FLAG-Grg6 

(data not shown). Taken together, these findings suggest that Grg6 can disrupt the 

interaction between BF -1 and Gro/TLE. This effect may be the result of a competition by 

Grg6 with Gro/TLE for BF -1 binding. 

3.8 Promotion of cortical neurogenesis by Grg6. BF-1 and Gro/TLE1 can negatively 

regulate neuronal differentiation in the developing forebrain (Xuan et al., 1995; Yao et 

al., 2000). To determine whether Grg6 might also participate in the regulation of the 

development of cortical neurons, we transfected exogenous Grg6 in primary cultures of 

neural progenitor cells isolated from the dorsal telencephalon of E13.5 mouse embryos. 

These cortical progenitor cells endogenously express Grg6, Gro/TLE1, as weIl as BF-1 

(Tao and Lai, 1992; Hatani et al., 1994; Dehni et al., 1995; Yao et al., 2001; Fig. 2). 

Enhanced GFP was coexpressed to identify the transfected cells. Exogenous Gro/TLE 1 

expression inhibited neuronal differentiation and led to an increase in the number of 
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undifferentiated neural progenitor cells expressing the mitotic cell marker protein Ki67 

(Fig. 10, cf. bars 1 and 2) and a decrease in the number of differentiated neurons 

expressing the neuronal marker protein N euN (Fig. 10, cf. bars 7 and 8). In contrast to 

Gro/TLE l, exogenous expression of Grg6 alone had no antineurogenic effect (Fig. 10, cf. 

bars 1 and 3, and 7 and 9). However, exogenous coexpression of Grg6 together with BF-I 

led to a significant increase in the number of differentiated neurons (Fig. 10, cf. bars 7 

and 10). When Grg6 was coexpressed with Gro/TLEI and BF-I, Grg6 blocked the 

antineurogenic effect of Gro/TLEI and led to a decrease in the number ofprogenitor cells 

and an increase in the number of differentiated neurons (Fig. 10, cf. bars 2 and 5, bars 8 

and 11, and 11 and 12). Taken together, these results suggest that Grg6 antagonizes the 

antineurogenic activity of BF-I:Gro/TLEI complexes and promotes neuronal 

differentiation 
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4. DISCUSSION 

4.1 Grg6 and Gro/TLE have both similar and different functional properties. 

Gro/ILE pro teins lack DNA-binding activity of their own but become recruited to 

specifie gene regulatory sequences in context-dependent manners by forming complexes 

with a number of different DNA-binding transcription factors. Most if not a11 of these 

interactions require the C-terminal WDR domain conserved in a11 Gro/TLE family 

members. Grg6 shares with Gro/TLEs a conserved WDR domain but otherwise shows 

little similarity. This situation suggested that Grg6 might share at least certain protein

protein interaction properties with Gro/TLEs but that these might be correlated with 

different functional effects. The present studies have shown that similar to Gro/TLEs, 

Grg6 forms homodimers. However, it does not heterodimerize with either Gro/ILEI (this 

study) or Gro/ILE4 (N.M and S.S., unpublished data), in contrast to the ability of 

Gro/TLEs to homo- and heterodimerize with each other (Palaparti and Stifani, 1997; 

Grbavec et al., 1998; Chen and Courey, 2000; ). The inability of Grg6 to bind to 

Gro/ILEs may be due to the lack of the two conserved N-terminalleucine zipper-like 

motifs that mediate Gro/ILE oligomerization (Song et al., 2004). Although the structural 

elements that underlie Grg6 homodimerization remain to be fu11y e1ucidated, it is possible 

that a putative leucine zipper-like motif at its N-terminus may be involved in this ability. 

Another similarity between Grg6 and Gro/TLEs is the fact that both are expressed in 

neural progenitor cells and differentiated neurons. In particular, Grg6 is expressed in 

cortical progenitor ce11s that also express Gro/TLEs, as we11 as BF-l and Hes1 (Sasai et 

al., 1992; Xuan et al., 1995; Yao et al., 1998,2000,2001). This coexpression is corre1ated 
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with a specifie interaction of Grg6 with BF -1 but not Hes 1. These observations suggest 

that Grg6 and Gro/TLEs share the ability to bind to certain common transcription factors 

through the conserved WDR domain. The sequence dissimilarities within the WDR 

domain of Grg6 and Gro/TLEs may be responsible for the different protein-protein 

interaction properties of these molecules. This situation may facilitate our understanding 

of how specifie regions of the WDR domain contribute to the binding of different 

co factors. 

In contrast to Gro/TLEs, Grg6 does not mediate transcriptional repression when recruited 

to DNA. This conclusion is suggested by the finding that Grg6 do es not repress 

transcription when fused to the DNA-binding domain of GAL4 and does not promote, but 

instead suppresses, transcriptional repression mediated by BF -1. It is likely that Grg6 can 

not repress transcription due to the lack of a significant relatedness to the N-terminal Q 

and GP domains of Gro/TLEs. Both of these regions are involved in functions that are 

believed to be important for Gro/TLE-mediated transcriptional repression, namely protein 

oligomerization and interactions with histone deacetylases and components of the basal 

transcriptional machinery (Palaparti and Stifani, 1997; Chen and Courey, 2000; Zhang 

and Emmons, 2002; Song et al., 2004). It is likely that Grg6 is unable to form complexes 

with histone deacetylases and/or other general transcriptional regulators that associate 

with Gro/TLEs. This possibility is suggested by our observation that Grg6 suppresses 

neither Gro/TLE- nor Hesl-mediated transcriptional repression and thus does not seem 

able to interact with, and titrate away, cofactors required by Gro/TLE and/or Hesl. It is 

also entirely possible that Grg6 may not participate in other, yet to be characterized, 

mechanisms underlying transcriptional repression by canonical Gro/TLEs. 
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Also in contrast to Gro/TLEs, Grg6 does not appear to be generally localized to nuc1ei 

and its intracellular localization is cell type-dependent. The nuc1ear association of 

Gro/TLEs is mediated by their CcN motif, which inc1udes a nuc1ear localization sequence 

and phosphorylation sites for the protein kinases CK2 and cdc2 (Nuthall et al., 2002b, 

2004). Grg6 harbors a domain that exhibits a limited similarity to the CcN domain of 

Gro/TLEs but does not contain a defined nuc1ear localization sequence. These 

observations suggest that Grg6 may not have an intrinsic ability to translocate to nuc1ei 

and may depend on interactions with other factors to become localized to the nucleus. In 

that regard, we have observed that Grg6 is localized to the cytosol of COS7 cells when 

transfected alone but can be detected in the nucleus when cotransfected together with BF-

1. More importantly, endogenous Grg6 immunoreactivity was observed in the nuc1ei of 

cortical progenitor cells, where BF-l is also endogenously expressed. These observations 

strongly suggest that Grg6 intracellular localization is dependent on the cellular 

environment and is influenced by its association with other proteins. 

4.2 Grg6 suppresses BF-l and promotes neuronal differentiation. Previous studies 

have demonstrated that BF-l is a critical regulator of the progenitor-to-neuron transition 

in the developing mammalian telencephalon. BF-l knock-out animaIs exhibit premature 

differentiation of the neural progenitor cells, leading to early depletion of the progenitor 

population and reduced cerebral hemisphere size (Xuan et al., 1995). These findings 

suggested that BF-l promotes cell proliferation and/or inhibits cellular differentiation in 

the telencephalon. The antineurogenic activity of BF-l appears to be mediated in 

conjunction with Gro/TLE corepressors. More specifically, BF -1 and Gro/TLE genes are 
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coexpressed in neural progenitor cens of the mammalian telencephalon (Dehni et al., 

1995; Yao et al., 1998; Yao et al., 2001), and Gro/TLE1 was shown to negatively 

regulate neuronal differentiation in the forebrain (Yao et al., 2001). Moreover, BF-1 

physically interacts with Gro/TLEs and the latter promote BF-1-mediated transcriptional 

repression (Yao et al., 2001). To determine if Grg6 might also be involved in the 

regulation of neuronal differentiation in the mammalian forebrain, we investigated if 

Grg6 is expressed in neural progenitor cens of the telencephalon and if it can interact 

with BF-l. Previous studies have demonstrated that Grg6 transcripts are present in the 

embryonic and adult mouse brain (Dang et al., 2001). In agreement with these 

observations, we have found that Grg6 is expressed in regions of the neural tube such as 

the forebrain, midbrain and spinal cord. More specifically, we have shown that Grg6 is 

expressed in both neural progenitors and differentiated neurons of the telencephalon, like 

other Gro/TLE proteins. Based on these observations, we have examined the effect of 

exogenous Grg6 expression in primary cultures of cortical neural progenitor cens. These 

investigations have revealed that in contrast to Gro/TLE 1, exogenous expression of Grg6 

alone has no detectable effect on in vitro cortical neurogenesis. This finding strongly 

suggests that Grg6 is not an anti-neurogenic factor like Gro/TLEl. However, Grg6 

promoted cortical neurogenesis when it was cotransfected with BF-1 and the 

coexpression of Gro/TLE 1 did not antagonize this effect to a significant extent. The 

Grg6-mediated promotion of neuronal differentiation appears to be the result of a 

recruitment of supemumerary progenitors into the neuronallineage. Taken together, these 

observations suggest that Grg6 promotes cortical neuronal differentiation by inhibiting 

the repressive function of BF -1. This possibility is consistent with our demonstration that 
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Grg6 interacts with BF-l in mammalian cells and that this interaction results in a 

recruitment of Grg6 to nuclei. This interaction is likely to involve the WD domain of 

Grg6. This interaction seems specifie for BF-l, since we have shown that Grg6 does not 

interact with Hes 1. Our studies have also demonstrated that Grg6 antagonizes BF -1-

mediated transcriptional repression and reduces the interaction between BF -1 and 

Gro/TLE 1 in mammalian cells. These findings lead us to propose that the inhibition of 

BF-l activity may represent at least one mechanism utilized by Grg6 to promote neuronal 

differentiation. Interestingly, exogenous expression of Grg6 alone had no neurogenic 

effect in cortical progenitor cells, where BF -1 and Gro/TLE proteins are coexpressed. 

These observations suggest that Grg6 may act on BF -1 in a dosage dependant manner. 

It has been shown previously that BF-l inhibits neuronal differentiation through a 

DNA-dependent mechanism. Embryos expressing a DNA-binding defective form of BF-

1 exhibit ectopie expression of BMP genes, such as BMP4, that were shown to inhibit 

proliferation of neural progenitor cells and to promote their differentiation into mature 

neurons (Dou et al., 1999; Hanashima et al., 2002). It may be possible that by 

antagonizing the binding ofBF-1 to Gro/TLE1, Grg6 may prevent BF-1 from repressing 

BMP gene expression and, consequently, may promo te neuronal differentiation. It will be 

important to test these possibilities in the future. 

An additional mechanism by which Grg6 may promo te neurogenesis together 

with BF-1 is suggested by the finding that BF-1 may not only act as transcriptional 

repressor but also as a transcriptional activator (Bourguignon et al., 1998). It is tempting 

to speculate that by binding to BF-1 and inhibiting the interaction with Gro/TLE1, Grg6 

may be involved in converting BF -1 from a transcriptional repressor to a transcriptional 



59 

activator. As a result, Grg6:BF-1 complexes may activate, rather then suppress the 

expreSSIOn of genes that promote neurogenesis. In that regard, we found that Grg6 

promoted neuronal differentiation together with BF-l in cortical progenitor cens but 

failed to convert BF-1 to an activator in transcription assays in transfected 293A cells. 

This apparent discrepancy may reflect the fact that Grg6 may have a weaker effect on 

BF-1 in mammalian cenlines compared to neural progenitor cens. This may be caused, 

among other things, by different levels of expression of Gro/TLEs. Moreover, based on 

transcription assays performed in 293A or HeLa cens, it is unlikely that Grg6 acts by 

itself as a transcriptional activator. Thus, co factors that may conaborate with Grg6 in 

neural progenitor cens may either not be present in non-neural cells or may be not able to 

influence Grg6 activity. In the future, it may be informative to perform transcription 

assays in cortical progenitor cells with Grg6 alone and together with BF-1 to begin to 

answer these questions. 

4.3 Possible mechanisms of suppression of BF-l transcription repression activity by 

Grg6. Our studies have shown that Grg6, in contrast to other Gro/TLE proteins, 

antagonizes BF-1-mediated repression in mammalian cells. This effect is unlikely to be 

due to a decrease in the stability of BF -1 expression since the presence of Grg6 did not 

affect BF-1 levels of expression. To begin to elucidate the mechanisms by which Ggr6 

suppresses BF -1 activity, we have tested whether Gr6 may act as a transcriptional 

activator. Our results suggested that, in contrast to other Gro/TLE proteins, Grg6 can 

neither repress nor activate transcription in transfected cell lines. This suggests in tum 

that Grg6 is unlikely to influence BF-1 through its own transcriptional activity. However, 
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we cannot exclude the possibility that Grg6 may have a transcriptional activity in a more 

physiologically relevant environment. Transcription assays with Grg6 in cortical 

progenitor cells will provide more insight into whether Grg6 acts as a transcriptional 

activator. 

Another possibility is that Grg6 may prevent Gro/TLE from associating with BF-1 

thus depriving BF-l of an important transcriptional corepressor. This possibility lS 

consistent with our finding that the coimunoprecipitation of BF-1 with Gro/TLE1 lS 

significantly reduced in the presence of Grg6. This effect does not appear to be due to the 

formation of Grg6:Gro/TLE hetero-oligomers because we failed to observe an interaction 

between Grg6 and Gro/TLE. In agreement with this, a computer program that predicts the 

presence of putative coiled-coil motifs (Lupas A et al., 1996) do es not suggest that Grg6 

contains an N-terminal structure similar to the two coiled-coils that are thought to 

mediate dimerization of Gro/TLEs (Pinto and Lobe, 1996; Chen et al., 1998). 

Altematively, temary complexes ofBF-1, Grg6 and Gro/TLE may form but may not be 

competent to mediate transcriptional repression due to the presence of Grg6. Our findings 

also argue against this possibility since immunoprecipitation assays have shown no 

formation of Grg6:BF -1 : Gro/TLE complexes. Thus, it appears more likely that Grg6 

competes with Gro/TLE for BF-l binding. This situation may result in the formation of 

complexes that can bind to DNA but are unable to repress transcription efficiently. 

Altematively, Grg6:BF-1 complexes may not be able to bind to DNA. In the future, a 

combination of chromatin immunoprecipitations, EMSA experiments, and transcription 

assays will be required to test these possibilities further. 
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4.4 Biological relevance of Grg6 activity. The expression of Grg6, as weIl as that of BF-

1, continues in differentiated cells. Adult tissues, including the brain, still express Grg6 

(Dang et al., 2001). This expression pattern suggests that Grg6 may function in mature 

cells in addition to undifferentiated cells. An interesting role for Grg6 in the 

differentiation and maturation of neuronal cells may corne from the recent finding that 

BF-l plays an important role in early cortical cell fate. Mice lacking BF-l exhibited 

overproduction of Cajal-Retzius neurons at the expense of ER81 neurons suggesting that 

BF-l is required to suppress Cajal-Retzius cell fate (Hanashima et al., 2004). However, 

the molecular mechanisms underlying this process are still unknown. Based on our 

present findings, where Grg6 antagonizes BF-l activities and promotes neuronal 

differentiation, it is tempting to speculate that Grg6 may represent a possible player that 

positively regulate CR cell fate. Further elucidation of the mechanisms underlying Grg6 

activity will clarify important processes regulating vertebrate neurogenesis. 
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5. FIGURES AND LEGENDS 



FIGURE 1 
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Characterization of Grg6 antibodies. (A) 293A cells were either non-transfected (lanes 

1 and 4) or transfected with FLAG-Gro/TLEI (lanes 2 and 5) or FLAG-Grg6 (lanes 3 and 

6), followed by Western blotting (WB) with either anti-Grg6 (lanes 1 to 3) or anti-FLAG 

(lanes 4 to 6) antibodies (Ab). Positions of size standards are indicated in kilodaltons. (B-

D) Immunocytochemical analysis. COS-7 cells were transfected with GFP-Grg6, fixed 

and subjected to double-labeling analysis of the expression of GFP (panel B) or Ggr6 

(panel C). The combined GFP and Grg6 staining is shown in panel D. 
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FIGURE 2 

A B 
WB: Grg6Ab RTase + - + -

66-1 
Primers - 1.2 

1.0 

2 3 4 
Non transfected + 0.5 
FLAG-Grg6 + OA 
Forebrain + 0.3 
Midbrain + 1 2 3 4 5 

Grg6cON:\ 
WI>40 Domain 

-+- ..-- 2 3 
1 

C D E F 

G H 1 J 

Grg6 expression in neural tissues. (A) Protein extracts from 293A cells either non-

transfected (lane 1) or transfected with FLAG-Grg6 (lane 2), together with lysates from 

forebrain (lane 3) or midbrain (lane 4) tissues from E16 mouse embryos were subjected 

to SDS-P AGE on an 8% gel. Western blotting (WB) was performed with the affinity 

purified anti-Grg6 antibodies (Ab). Molecular size standard is indicated in kilodaltons. 

(B) RT-PCR analysis. mRNA was extracted from cortical progenitor cells taken from the 

dorsal telencephalon ofE15.5 mouse embryos. mRNA was then incubated in the absence 
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(-) or presence (+) of reverse transcriptase (RT). The ensuing cDNA was subjected to 

PCR using either prim ers 1 and 3 (lanes 2 and 3) or primers 1 and 2 (lanes 4 and 5). Lane 

1 was loaded with the indicated DNA size standards in kb. A schematic of the Grg6 

cDNA is represented with the positions of the different prim ers indicated undemeath. (C

J). Primary cultures of E13.5 mouse embryonic cortical neural progenitor ceUs were 

grown in chamber slides, fixed and subjected to double-Iabeling analysis of the 

expression of Grg6 (panels C and G), Ki67 (panel D) or NeuN (panel H). The combined 

Grg6/Ki67 (panel E) and Grg6/NeuN (panel 1) stainings are shown. Hoechst staining was 

used to label nuc1ei (F and J). 



FIGURE 3 
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Grg6 interacts with BF-l but not Hesl. (A-D) 293A cells were transfected with a 

plasmid encoding FLAG-BF-l in the absence or presence of GFP-Grg6, or GFP alone. 

One-tenth of each celllysate was subjected to SDS-PAGE (A and B) and the remaining 

lysates were subjected to immunoprecipitation (IP) with anti-FLAG antibodies (Ab) (C 

and D). Samples were analysed by Western blotting (WB) with anti-GFP (A and C) or 

anti-FLAG (B and D) antibodies. The arrow in A points to the position of migration of 
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the GFP protein (lane 3). The arrowhead in D points to the position of migration ofBF-l 

(lanes 4 and 6). IgG HC, immunoglobulin G heavy chain. (E-J). 293A cells were 

cotransfected with plasmids encoding either FLAG-Hesl or FLAG-Hesl~WRPW 

together with HA-Grg6. Cell lysates were collected and one-tenth was subjected to 

Western blotting with anti-FLAG (E) or anti-HA (F) antibodies, or antibodies that 

recognize all Gro/TLE proteins (panTLE) (G). The remaining lysates were 

immunoprecipitated with anti-FLAG antibodies (H-J) followed by Western blotting with 

anti-FLAG (H), anti-HA (1) or panTLE (1) antibodies. The arrowhead in panel J points to 

the position of migration of endogenous Gro/TLE proteins. IgG HC, immunoglobulin G 

heavy chain. Position of size standards are indicated in kilodaltons. 
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Intracellular distribution of Grg6 in the absence or presence of BF-l. (A-I) COS-7 

cells were transfected with GFP-Grg6 (A-C), FLAG-BF-l (D to F) or GFP-Grg6 together 

with FLAG-BF-I (G-I). Twenty-four hours later, cells were fixed and subjected to 

double-labeling analysis of the expression of GFP (Grg6, A and G) or BF-l (D and H). 
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Hoechst staining is shown in Band E. The combined stainings are shown in C, F and 1. 

(1) Quantification of the intracellular distribution of Grg6 (bars 1-3), BF -1 (bars 4-6), or 

Grg6 in the presence of BF-1 (bars 7-12), defined as the percentage of stained cells 

showing either a nuclear (green columns), non-nuclear (pink columns), or both nuclear 

and non-nuclear (blue columns) staining. Results are shown as means ± SD (n=7). *, P< 

0.01. 



FIGURE 5 

Inhibition of BF-l-mediated transcriptional repression by Grg6. 293A ceUs 

were transfected with the reporter construct p6B-CMV-Luc (500 ng/transfection; 

bars 1 to 6) and the expression vectors pCMV2-FLAG-BF-1 (15 ng/transfection; 

bars 2 to 5), pCMV2-FLAG-Grg6 (50 ng/transfection; bars 3 and 4) or pcDNA3-

Gro/TLE1 (100 ng/transfection; bars 4 and 5). The basal activity of the reporter 

construct in the absence of any expression plamids was considered as 100%. 

Luciferase activity was expressed as the mean ± SD of at least three independent 

experiments performed in duplicate. Neither Grg6 (bar 8) nor Gro/TLE1 (bar 9) 

had a significant effect on a control reporter (pCMV-Luc; 500 ng/transfection) 

containing the CMV promoter but no BF-1 binding sites. *, P< 0.05. 
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FIGURE 6 

3 4 5 

+ + + 
+ + 

------------=:J 

FLAG-Grg6 + + 
FLAG-Hesl + + + 

97-66- __ 116_[3 
WB:FLAGAb 

45----l 2 3 

71 

6 

+ 

Transcriptional repression by Hesl in the absence or presence of Grg6. (A) 293A 

cells were transfected with the reporter construct p6N-~ actin-Luc (lllgltransfection; bars 

1 to 6) and the expression vectors pCMV2-FLAG-Hesl (50 ngltransfection; bars 2 to 4) 

and increasing amounts of pCMV2-FLAG-Grg6 (25 and 50 ngltransfection; bars 3 and 

4). The activity of the reporter gene in the absence of any expression plasmids was 

considered as 100%. Luciferase activity was expressed as the average ± SD of at least 

three independent experiments performed in duplicate. Grg6 had no effect on the activity 

of the reporter construct (bars 5 and 6). (B) Western blotting analysis of Grg6 and Hesl. 
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Lysates from 293A cells transfected with pCMV2-FLAG-Hesl (50 ng/transfection) in the 

absence (lane 1) or presence of increasing amount of pCMV2-FLAG-Grg6 (lane 2; 25 

ng/transfection and 3; 50 ng/transfection) were subjected to Western blotting with anti

FLAG antibodies. 



FIGURE 7 
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Repression of basal transcription by Gro/TLEI but not Grg6. HeLa cells were 

transfected with the reporter plasmid p5X-UAS GAL4-SV40-Luc (500 ng/transfection; 

bars 1 to 8) alone or in combination with GAL4bd (500 ng/transfection; bar 2) or 

increasing amounts of either GAL4bd-Grg6 (50, 200, 500 ng/transfection, bars 3 to 5) or 

GAL4bd-Gro/TLEl (50, 200, 500 ng/transfection, bars 6 to 7). The basal activity of the 

reporter construct in the absence of any expression plasmids was considered as 100%. 

Values represent means ± SD of at least three independent experiments performed in 

duplicate. (B) Western blotting analysis of Grg6 and Gro/TLEI. Lysates from HeLa cells 
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transfected with increasing amounts of either GAL4bd-Grg6 (50, 200, 500 

ng/transfection, bars 1 to 3) or GAL4bd-Gro/TLEl (50, 200, 500 ng/transfection, bars 4 

to 6) were subjected to Western blotting with anti-GAL4bd antibodies. 



FIGURE 8 
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Effect of Grg6 on the interaction between BF-l and Gro/TLEI. 293A cells, which 

express endogenous Gro/TLE, were transfected with FLAG-BF-l (lane 1), GFP-Grg6 

(lane 2), FLAG-BF-1 together with GFP-Grg6 (lane 3) or FLAG vector alone (lane 4). 

One-tenth of each cell lysate was subjected to Western blotting (WB) with anti-FLAG 

(A), anti-Grg6 (B) or panTLE (C) antibodies (Ab). The remaining lysates were subjected 

to immunoprecipitation (IP) with anti-Gro/TLE1 antibodies (D to F) followed by Western 

blotting analysis with anti-FLAG (D), anti-Grg6 (E), or panTLE (F) antibodies. IgG HC., 

immunoglobulin heavy chains. Positions of size standards are indicated in kilodaltons. 



FIGURE 9 
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Grg6 does not heterodimerize with Gro/TLEI. 293A cells were transfected with 

plasmids encoding the indicated combinations of proteins. Cells lysates were collected, 

and the fusion proteins were isolated on glutathione-Sepharose beads. The precipitated 

material was subjected to SDS-PAGE (lanes 5 to 8) on a 12% gel, together with one-tenth 

of each input lysate collected priOf to incubation with glutathione-Sepharose beads (lanes 

1 to 4). This was followed by Western blotting (WB) with anti-FLAG (A and B), anti-

MYC (C and D) or anti-GST (E and F) antibodies. Positions of size standards are 

indicated in kilodaltons. 
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FIGURE 10 
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Promotion of cortical neurogenesis by Grg6. E13.5 mouse embryonic cortical 

progenitor cells were transfected with plasmids encoding either GFP alone or in 

combination with Gro/TLE1, Grg6, or BF-1, as indicated. Forty-eight ho urs later, cells 

were fixed and subjected to double-labeling analysis of the expression of GFP, NeuN, or 

Ki67. Shown is the quantitation of the percentage of GFP-Ki67 (bars 1 to 7) of GFP-

NeuN (bars 7 to 12). Results are shown as the mean ± SD (n=5), *, P< 0.05, **, P< 

0.001. 
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7. APPENDICES 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

Montreal Neurological Institute 
and Hospital 

A T~aching Md Re;earch Institute al MCGill Univorsity 

InternaI Radioisotope User Permit 
Issued by: 

The Radiation Safety Commîttee of the 
Montreal Neurological Institute and Hospital 

Authorized by the Canadian Nuclear Safety Commission 
CNSC Radioisotope Licence Number: Q1187. -2-0~tl 

Radioisotope User Permit Number 
Classification 
Date of Issue 
Revision Date 
Expiry Date 

Name of Principal Investigator 

Department 

Location(s) approved by this permit 

Radioisotopes approved by this permit 

Personal Dosimeters Required 

Method of Disposai 

MNI_022 
Basic 
May 1, 2003 
NIA 
April 30, 2008 

CNS 

RSO Office: 398-8927 
RSO Pager: 406-3069 
Locating: 8888-53333 

Home: 525-0220 

F102, BT-218, F 1 0 4-

See non·shaded cells in table below. 

Ves 

: Ali radioactive waste (soUd and liquid) must be 
disposed of through the containers provided by 
the Mclntyre Waste Management Facility (McGiII) 
and brought to the central waste storage cage in 
the basement of the MNHII {room 045 BI. 

8. Special Conditions: 

Glov •• and lab coalS mandatory. 

Weekty wipè tests requÎred in areas where radioisotopes are used. 

Ring badges required for staffuslng > 5DMBq (-1.5mCi) of "P. 

Monitoring of ail work surfaces where up is used at the end of the work day. 

Radio-iodinations: Must be carried out in a working fume Mod. Schedule Ihyroid monitoring. Use of proper survey 
equipment during radio-iodine manipulations. 

The Radiation Safety Officer, MNHII:_ _ (E.Meyer, RSO, ext. 8927) 
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Guidelines for corn letîl1Q the form are available at www.mcgHl,calrgo/animaJ 
For office use' only 

McGill University Protocol #: Li ~'b \ 
Investigator #: 'bù~ Animal Use Protocol- Research 
Approval End Date: ~ ~Ol ~ 
Facility Committee: N. N i 

Title: Coordinated reglliation of pmgenitor cell proliferation and neuronal differcntiation in the mammalian telencephalon. 
(mus, march the t/tle 0/ (he lund/ng source app/kllt/Olt) 

New Application: Renew.1 of Protocol: # 4381 Pilot: Category (sec section JI): D 

1. Investigator Data: 

Principal Investigator: Dr. Stefano Stir.,ni Pbone #: 398-3946 

Depattment: Neurology and Neurosurgery Fax#: 398-1319 

Address: 3801 rue University, Montreal, QC, H3A 2B4 Email: stefano,stifani@mcgill.ca 
.{ 

2, Emergency Contacts: Two people must be designateHo handle cmergeneies. 

Name: Stefano Stifani Work #: 514-398-3946 Emergency #: 514-830-0334 

~_~~._·r~~~nc~e~sc~a~T~h~C~ri~aU~I~t============~'\~'O~r~k~#~:==~5~1~4~-3~9~8-~6~2~55~======;:E~'m~:;er~g~e~ne~Y~'#~:==~5~1~4-~2~7~0~-8~5~9~5==~ 
= ~---. 

3, Funding Source: 

External: X 

Source (s) : CIHR 

Pecr Reviewed: X YES NO" 

Status: X Awarded Pending 

Internai: 

SQurce (s) : 

Pecr Reviewed: YES 

Stotus: Awardcd 

Funding period: 01/1),4/2001-31/03/2006 Funding p.riod: 

NO" 

Pending 

For Office Use Oury: 

,r,ft Ail projects that blwc not beeo peer reViëw.L·.-:d-::ro-r-.-ei:-•• -Ct"';r.::-,c-m-.-n7·'-:b-y-":-be-r::-u-.-::d,:-·o-g·-•• -,-"-«-r-.-qLui:-re-::'Z::J'-,,,,-r-:RO",-vfuW···Forms tu be 
corn lcted f •• Pro 'cers: funded from industrîal sources. Peer Review Forms are availablc at www.mcilLca/r o/animal 

Proposed Start Date of Anima) Use (d/m/y): 

Expected Date ofComplction of Animal Use (d/rn/y): 

01105/2004 

30/04/2005 

or ongQing: 

or ongoing: 

\ 

lnvestigator's Statement: The information in this application is exact and complete, 1 assure that aH care alld use of animais in this 
proposai will he in 3ccordance with the guidcHm.''S and {Xllicies of the Canadian~O IOdl on Animal Care and t1lOsc of McGi1I tJnÎ\."~rsity.l shall 
request the Animal Care Committee's approval prior to any deviations from thîs otocol as approy,td. 1 understand that this approval ls valid 
fol' one vear and must be a oved on an allouai basis. J 
Principollnvestig.!or'. signature: 1 Date: 11 Mareh 2004 

Chair, Facility Animal Car. Committ.e: Date: '~a. (( 20Dtf 
University Veterinarian: Daté: /}JI'( 1 2 2 . WJ-.I 
Cbair, Ethic. 'Subcommittec (a, per !lACe polky): ~~/~l/o4 -
Approved Animal Use Beginolng: l-\~'\ \ l "à-ocl\- Endillg:~ -"0 \IXJ<)' 

This protocol has been approved with the modi fications noted in Section 13. 

May 2002 
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-
McGiII University 

University Biohazards Commîttee 

* APPLICATION TO USE IIIOHAZARDOUS MA TERIALS 

No project should he commcnccd withoul prior approval of an application tu use biohazardou:-\ matcrials. Submit 
this application ta the Chair, Biohazards Commitlee, one month before staning new projeçts or expiry of a 
previousJy approvcd application. 

l, PRINCIPAL INYESTIOATOR: Dr. Stefano Stir"ni TELEPHONE: 398-3946 

ADDRESS: Monlreal Neufologiçal Institute FAX NUMBER: 19R-J312 

38Ql rue University E-MAIL: mdstcromusicamc2i1l.ca 

DEPARTMENT: Neurology and Neurosurgery 

{. PR01ECT TITLE: Coordina,ed regulation of progcnitor ccll proliferation and neuronol differcntia,ion 

'in the mammaHan telcnccphalQn. 

2, l'UNDINO SOURCE: C1HR lI."X NSERC NIH FCAR FRSQ 

INTERNAL 

Or;mt No,: Awarded Beginning date 01/0412001 End date 31103f20llii 

3, Indicate if this is 
Renewal use application: procedures have becn previously approved ~lOd no alteration& have becn .made to 
the protocoL" 
Approval End Date 

New funding source: project previously revic\Vcu and approvcd under an application Lü anolhcr agent'y. 

Agcncy ___________________ Approva! End Dale 

XX New projeçt: project not previously reviewed Of procedures and/or mi(.~roorg:anism altcred trom 
prcviously approved application. 

CERTIFICATION STATEMENT: The Biohazards Committee .pproves the experimenta! procedufCs propos.ô and 
certifies with the applicant that the expcrimcnt will 
"Lahoratory Biosafety Ouidelinos" preparod by Heallh 
Biosafcty Maoua!", C 1 Level (c' 
Principal IIl\.'estigatï 

l\\.\~ ~ ,~>< 

.Chai 
o 

Laboralory Bi, 

be in accordance with {he princip1cs outlincd in the 
9anaJ!'" and the Mf~' and in the "McOil! Lahoratory 

CI e: 
day mOllth year 

::ro -03-01 
e: 

day monlh vcar 

»- 0'5 - ;}oob 
y lllo11th yeu! 

2t 
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