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ABSTRACf 

Hes 1 is a rnarnmalian basic helix loop helix (bHLH) factor that inhibits neuronal 

differentiation by mediating transcription repression mechanisms together with corepressors 

of the GroinE family. The interaction of Hes 1 with GroinE is mediated by a WRPW 

tetrapeptide present at the carboxy-terminus of all Hes proteins. Another Hes prote in, Hes6, 

also interacts with GroinE through its WRPW motif. Contrary to Hes 1, Hes6 promotes 

neuronal differentiation. It is shown here that Hes6 negatively regulates Hes1 activity by at 

least two mechanisms. Hes6 promotes a proteolytic degradation of Hes 1. Moreover, Hes6 

inhibits the interaction of Hes1 with its transcriptional corepressor, GroinE. Hes6 inhibits 

Hes1-mediated transcriptional repression in cortical neural progenitor cells. Consistent with 

these observations, Hes6 promotes the differentiation of cortical neurons, a process norrnally 

inhibited by Hes1. Taken together, these results c1arify molecular mechanisms underlying the 

neurogenic activity of Hes6. 
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RÉSUMÉ 

Hes 1 est une protéine chez les mammifères possédant une structure basique hélice 

boucle hélice qui inhibe la différentiation neuronale par des mécanismes de répression de la 

transcription par les co-répresseurs Gro/1LE. L'interaction entre Hes1 et Gro/1LE 

implique un tétrapeptide WRPW présent à textrémité carboxylique des protéines Hes. 

Hes6 interagit également avec Gro/1LE par le motif WRPW. Contrairement à Hesl, Hes6 

induit la différentiation neuronale. Il est présenté ici que Hes6 contrôle négativement 

l'activité de Hes1 en utilisant au moins deux mécanismes. Hes6 fait la promotion d'un 

processus de dégradation de Hes1. De plus, Hes6 inhibe l'interaction entre Hes1 et 

Gro/1LE. Hes6 inhibe la répression transcriptionnelle médiée par Hes1 dans des cellules 

progénitrices neuronales corticales. En relation avec ces observations, Hes6 induit la 

différentiation de neurones corticaux, un processus nonnalement inhibé par Hes1. Ainsi, 

ces résultats clarifient les mécanismes moléculaires impliqués dans l'activité neurogenique 

de Hes6. 
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INTRODUCTION 

Neurogenesis involves the initial proliferation of neural progenitor ceIls, followed by 

their differentiation into post-mitotic neurons. Neurogenesis is regulated through the 

antagonistic activities of positive and negative regulators. These include transcription factors 

that contain the basic helix-Ioop-helix (bHLH) DNA-binding and dimerization motif 

(reviewed in Kageyama and Nakanishi, 1997; Anderson, 2001; Bertrand et al., 2002). 

Evolutionarily conserved bHLH factors that promote neurogenesis ("neurogenic proteins") 

include the Mash and Neurogenin families of proteins, which are homologs of the Drosophila 

proneural pro teins Achaete-Scute and Atonal (Guillemot et al., 1993; Guillemot, 1995; Fode 

et al., 1998; Ma et al., 1998; Bertrand et al., 2002; Lo et al., 2002). 

bHLH factors that inhibit neurogenesis ("antineurogenic pro teins") include members 

of the Hairy /Enhancer of split (Hes) family of proteins, mammalian homologues of 

Drosophila Hairy and Enhancer of split (Akazawa et al., 1992; Sasai et al., 1992; Nuthall et al., 

2002). In both invertebrates and vertebrates, most Hes proteins are DNA-binding, long 

range transcriptional repressors; in mammals, in particular, Hes1 and HesS are weIl-

characterized negative regulators of neuronal differentiation (Akazawa et al., 1992; Sasai et 

al., 1992; Ishibashi et al., 1994; Kageyama and Nakanishi, 1997; Nakamura et al., 2000). Hes 

genes encode transcriptional regulators that aIl share a WRPW tetrapeptide motif at the 

extreme C-terminus. This motif has been shown to mediate interaction with the general 

transcriptional corepressors Groucho/Transducin-like Enhancer of split (Gro/TLE) 

(paroush et al., 1994; Fisher et al., 1996; Grbavec and Stifani, 1996; McLarren et al., 2001). 

The ability of Hes pro teins to recruit Gro/TLE factors is an important event in their 

repressive functions (Fisher et al., 1996; McLarren et al., 2001; Nuthall et al., 2002). Removal 

of the WRPW motif reduces Hes-1 mediated transcriptional repression while overexpression 

of Gro/TLE potentiates transcriptional repression mediated by Hes1 (Fisher et al., 1996; 
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Ohtsuka et al., 1999; McLarren et al., 2001; Nuthail et al., 2002). Gro/TLE are therefore 

transcriptional co-repressors of Hes1, through the formation of Hesl:Gro/TLE complexes 

that have the ability to repress transcription of target genes. 

Another protein that has recendy been implicated in the regulation of Hes1 activity is 

the related Hes family member, Hes6. Recent studies suggest that Hes6 could be involved in 

inhibitory mechanisms that antagonize the transcription repression ability of Hes:Gro/TLE 

complexes (Bae et al., 2000). Hes6 shares most of the characteristic features of Hes pro teins 

but it has a shortened loop region and lacks the ability to bind to canonical Hes DNA 

binding sites, the E- or N- boxes, on its own (Bae et al., 2000; Koyano-Nakagawa et al., 

2000). In addition, evidence suggests that Hes6 might function as a positive regulator of 

neuronal differentiation, in contrast to Hes1 and HesS (Bae et al., 2000; Koyano-Nakagawa 

et al., 2000). Hes6 is highly expressed in the developing nervous system in both neural 

precursor ceils and post-mitotic neurons (Bae et al., 2000; Koyano-Nakagawa et al., 2000; 

Pissarra et al., 2000; Vasiliauskas and Stern, 2000), and in the developing mouse retina, Hes6 

induces neuronal differentiation (Bae et al., 2000). Moreover, when ectopicaily expressed in 

the Xenopus neural plate, Hes6 promotes neuronal differentiation (Koyano-Nakagawa et al., 

2000). The mechanisms underlying the neurogenic function of Hes6 are, however, poorly 

understood. 

Taking into consideration that Hes6 1) forms heterodimers with Hes1 in transfected 

non-neural ceils (Bae et al., 2000), 2) it cannot bind canonical Hes DNA-binding sites and 

that 3) it does not interfere with the ability of Hes1 to bind to N-boxes, but reduces Hes-l 

mediated repression in transfected non-neural ceils (Bae et al., 2000), we formulated the 

foilowing hypothesis: Hes6 promotes neuronal differentiation lry acting as a negative regulator of Hesl. 

We have therefore investigated this possibility, as weil as the underlying molecular 

mechanisms. 
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Here we describe experiments showing that Hes6 negatively regulates Hesl activity 

by a combination of at least two mechanisms. Hes6 promotes proteolytic degradation of 

Hes1. In addition, Hes6 inhibits the interaction of Hesl with Gro/TLE. In agreement with 

these fmdings, both Hes6 and a truncated form of Hes6 lacking the WRPW motif inhibit 

Hesl-mediated transcriptional repression in cortical neural progenitor cells. Moreover, Hes6 

promotes cortical neuronal differrentiation, a process normally inhibited by Hesl, and 

removal of the WRPW motif has a hypomorphic effect on this function, suggesting that 

Hes6 may promote neurogenesis through both WRPW motif-dependent and independent 

mechanisms. Taken together, these fmdings identify novel mechanisms through which Hes6 

may act as a negative regulator of Hesl activity and a positive regulator of neuronal 

differen tia tion. 
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CHAPTER 1: LITERATURE REVIEW 

BASIC HELIX LOOP HELIX PROTEINS AS POSITIVE AND NEGATIVE REGULATORS OF 

NEUROGENESIS 

The neocortex of the mammalian central nervous system (CNS) derives from mitotic 

neuroepithelial cells in the ventricular zone of the telencephalon. It is from this region that 

neural precursor cells arise, proliferate, and then exit the cell cycle at defined rime points to 

generate the complex repertoire of neurons that constitute the neocortex. The commitrnents 

of neural progenitor cells to the neuronal fate and the subsequent progression to mature 

neurons are controlled by both extrinsic and intrinsic factors. The proper timing between 

the growth phase of neural progenitor cells and the differentiation phase of post-mitotic 

neurons is essential to generate the normal number of cells during nervous system 

development. The underlying mechanisms controlling this transition are not weIl 

understood but invertebrate and vertebrate studies suggest that the antagonistic activities of 

transcription factors containing a bHLH motif play crucial roles. 

1 NEUROGENIC BHLH PROTEINS 

A family of conserved bHLH proteins promotes neurogenesls by acting as 

transcriptional activa tors of genes that promote the acquisition of the neuronal phenotype 

(reviewed in Lee, 1997). These bHLH proteins are collectively referred to as proneural 

proteins. In vertebrates, proneural bHLH proteins include factors that are structurally and 

functionally related to the product of the Drosophila atonal gene, such as Neurogenins, 

NeuroD, Math1 and Math3, and other proteins related to the Drosophila achaete (ac) and 

scute (sc) proteins, such as Mash1, Xash3 or Cash4 (reviewed in Campos-Ortega, 1993; Jan 

and Jan, 1994). Similar to their Drosophila counterpart, the targeted disruption of proneural 

genes such as Mash1, Ngn1, Ngn2 and Math1 in mice lead to the 10ss of specific subsets of 
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neurons due to inhibition of neuronal differentiation (Guillemot et al., 1993; Ben-Arie et al., 

1997; Fode et al., 1998; Ma et al., 1998; Miyata et al., 1999)~ As an example, mice carrying a 

null mutation of Mashl have severe defects in neurogenesis in the ventral telencephalon and 

olfactory sensory epithelium (Guillemot et al., 1993; Casarosa et al., 1999; Horton et al., 

1999; Cau et al., 2002). On the other hand, the ectopic expression of these vertebra.te 

proneural genes results in the differentiation of supemumerary neurons, thus promoting 

ectopic neurogenesis. This has been observed when Neurogenins are ectopically expressed 

in chick or Xenopus embryos, or mammalian cells (Lee, 1995; Takebayashi et al., 1997; Perez 

et al., 1999; Farah et al., 2000). Proneural bHIH proteins fonu heterodimeric complexes 

with the ubiquitously expressed bHIH E proteins. In Drosophila, such E proteins are 

encoded by the gene daugjJterless. In mammals, they include the products of the gene E 2A 

(which produces two altematively spliced products tenued E12 and E47), and the factors 

HEB and E2-2 (Cabrera and Alonso, 1991; Johnson et al., 1992; Massari and Murre, 2000). 

Heterodimeric complexes of proneural proteins and E proteins bind specifically to DNA 

sequences that contain an E-box (CANNTG) , a process that results in an activation of 

transcription of the target genes aohnson et al., 1992; Sasai et al., 1992). Therefore, factors 

that intedere with proneural E-protein complex fonnation or with the ability of these 

complexes to bind to the E-box act as repressors of proneural protein transcriptional activity. 

Thus, proneural proteins are evolutionary conserved bHLH factors, which fonu complexes 

with E proteins to act as transcriptional activators of target genes that promote neuronal 

differentiation. 
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2 ANTI-NEUROGENICBHLH PROTEINS 

2.a Structure of the bHLH trnnscriptional repressors of the Hes family 

The second group of bHLH proteins involves factors that antagonize neuronal 

differentiation in both invertebrates and vertebrates by inhibiting the function of genes that 

promotes the neuronal fate such as the proneural genes. These factors include members of 

the Hairy/Enhancer of split (Hes) familyof proteins (Akazawa et al., 1992; Sasai et al., 1992; 

Nuthall et al., 2002). These phylogenetically conserved bHLH transcriptional regulators aIl 

share two crucial structural similarities: a bHLH domain that contains a proline residue at a 

conserved position in the basic region, and a conserved WRPW tetrapeptide motif located at 

the extreme Gterminus. Mutation analysis in Dmophila originally suggested that both of 

these structural features are important for Hes prote in activity. (Wainwright and Ish-

Horowicz, 1992). Hence, Hes are antineurogenic bHLH factors containing a WRPW motif 

at their Gtermini and an invariant Pro residue within the basic ann of their bHLH motif. 

2.a.l The bHLH domain as a dimerization motif and a DNA binding motif 

The HLH portion of the bHLH motif acts as a protein dimerization region (Ferre-

D'Amare et al., 1993; Ellenbergeret al., 1994; Ma et al., 1994). The crystal structure of bHLH 

proteins such as the myogenic bHLH protein MyoD shows that the interaction between the 

two helices of each bHIH partners leads to the fonnation of dimers (lv1a et al., 1994). The 

ability of theses bHLH proteins to fonn dimers is an essential functional event since it is a 

prerequisite for DNA binding (Ferre-D'Amare et al., 1993; Ellenberger et al., 1994). In 

agreement with this, members of the Hes family, including mamma1ian Hes1 and HesS, have 

the ability in Ut:ro ta fonn homodimers or heterodimers via their HLH domain (Akazawa et 

al., 1992; Sasai et al., 1992; Van Doren et al., 1994). This abilitywas also demonstrated using 

yeast two-hybrid assays (Alifragis et al., 1997). Whereas the HLH portion of the bHLH 
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motif acts as a dimerization motif, the basic ann mediates DNA binding (Tietze et al., 1992). 

In fact, Dmophila extramacrochaetae and the vertebrate Id proteins have a HLH domain, but 

lack an adjacent basic ann. As a result, these proteins have the ability to fonn heterodimers 

with other bHLH factors but are unable to bind DNA (Massari and Murre, 2000; 

Campuzano, 2001; Davis et al., 2001). Moreover, recent studies have shown that the basic 

region of the bHLH domain is not the onlyfeature important for DNA-binding. The length 

of the loop region in the helix-Ioop-helix domain is another critical feature for DNA binding 

activity and a sole loop region residue is crucial for high affinity DNA binding as shown with 

Dmophila bHLH transcription factor Deadpan by Wmston et al. (2000). In sum, the HLH 

portion of the bHLH motif acts as a protein dimerization region while the basic ann and the 

loop region mediate DNA binding. 

2.a.2 Hes pro teins contain a particular type of bHLH domain 

A unique feature of the Hes factors is the presence of a proline residue in the basic 

ann of the bHLH domain, which is absent in other bHLH factors that bind to the E-box. 

The introduction of a proline residue into the basic region of other bHLH factors can lead to 

the loss of the E-box-binding activity (Davis et al., 1990). Indeed, Hes proteins bind more 

poorlyto the E box than to the N-box (CACNAG). Thus, homodimers of Hes1 and HesS 

preferentially bind to the N-box (Akazawa et al., 1992; Sasai et al., 1992), although they can 

also bind to an E-box (Hirata et al., 2000). Hes1 homodimers also have the abilityto bind to 

class C DNA binding sites (CACGCA) as shown by previous studies in cultured ceIls done 

byChen et al. (1997), which suggested that Hes1 can repress transcription of Hashl (Human 

achaete-scute homologue-1) gene by directIy binding to its promoter region. Therefore, 

these studies indicate that the proline residue in the basic ann of the bHLH domain plays a 

key role in the affinity of Hes prote in homodimers with specifie DNA binding sequences. 
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2.a.3 The WRPW motif of Hes pro teins interacts with the transcriptional co
repressor Gro/TLE 

Another typical feature of Hes family mernbers is the presence of a conserved 

protein-protein interaction motif Ttp-Arg-Pro-Ttp (WRPW) at their carboxy-terminus. 1his 

motif has been shown to mediate interaction with the general transcriptional corepressors 

Groucho/Transducin-like Enhancer of split (Gro/1LE) (parouch et al., 1994; Fisher et al., 

1996; Grbavec and Stifani, 1996; Grbavec et al., 1998; McLarren et al., 2001). In lJrŒophila, 

genetic studies demonstrate that the 10ss of gra«:ho function and the 10ss of Hes gene function 

result in the same phenotype, namely the production of supemumerary neurons (Delidakis et 

al., 1991; Schrons et al., 1992; Paroush et al., 1994; Heitzler et aL, 1996). Mutation that 

consists of a deletion of the WRPW motif results in the inability of Hes proteins to interact 

with Groucho (Fisher et al., 1996). These findings indicate that in invertebrates, Hes 

proteins fonn transcription repression complexes with Groucho. 1his interaction is also 

observed between mammalian Hes proteins, such as Hes1, and homologues of Drosophila 

Groucho, the 1LE 1-4 proteins. The interaction of Hes proteins with GroilLE is a key 

event in the promotion of Hes transcription repression activities (see below "Gro/TI.,E 

interaction with Hes1 is required for transcriptional repression"). Thus, the WRPW motif of 

Hes proteins mediates an interaction with GroilLE transcriptional corepressors. 
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2.b Hes 1 inhibits neuronal differentiation 

2.b.l Biological function of Hesl and Hes5 during mammalian neurogenesis 

Two members of the Hes familyof proteins, Hes1 and Hes5, have key roles in the 

timing of differentiation in telencephalic development due ta their antineurogenic function 

(Akazawa et al., 1992; Sasai et al., 1992; Ishibashi et al., 1994; Kageyama and Nakanishi, 

1997; Nakamura et al., 2000). The role of Hes1 and Hes5 in neurogenesis is supponed by 

expression studies that revealed that both are generally expressed in restricted regions of the 

developing mammalian nervous system containing undifferentiated neural precursors 

(Akazawa et al., 1992; Sasai et al., 1992; Ishibashi et al, 1995). As such, Hes1 and Hes5 are 

expressed at high levels throughout the ventricular zone of the developing telencephalon, 

which consists of neural precursor cells, but the level decreases as neural differentiation 

proceeds in the outer layers (Akazawa et al., 1992; Sasai et al., 1992). A similar pattern is also 

seen in the developing retina where Hes1 is expressed in retinal progenitor cells (fomita et 

al., 1996). Furthennore, gain and loss of function analysis have clarified the role of Hes1 in 

neuronal deve1opment. The constitutive expression of Hes 1 in neural precursors, using a 

retroviral vector, prevented neuronal differentÏation in brain (Ishibashi et al., 1995), retina 

(fomita et al., 1996), and primary rat hippocampal neural precursors (Castella et al., 1999). 

OmverselY' targeted disruption of the Hesl gene in mice leads to premature differentÏation 

of neurons in the telencephalon (Ishibashi et al., 1995), retina (fomita et al., 1996) and causes 

severe defects during neural tube formation (Ishibashi et al., 1995; Tomita et al., 1996; 

Ohtsuka et al., 1999). On the contrary, Hes5-null mice are morphologically normal in spite 

of premature neuronal differentÏation while transient misexpression of Hes5 keeps 

embryonic telencephalic cells undifferentiated, which suggests that Hes5 inhibits 

neurogenesis (Ohtsuka et al., 1999; Ohtsuka et al., 2001). Together, these findings 

demonstrate that Hes 1 and Hes5 have the ability to inhibit neuronal differentiation. 
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2.b.2 Hesl and Hes5 are essential Notch signaling effectors during neuronal 
differentiation 

Notch signaIing controIs cell fate decisions and other developmental process in both 

invertebrates and vertebrates (reviewed in Artavanis-Tsakonas et al., 1999). Several Iines of 

studies show that, similar to Dmophila Hes proteins, Hes 1 and HesS act as nuclear effectors 

of the Notch signaIing pathway during mammalian neurogenesis. The overexpression of 

Hesl, HesS and a constitutively active form of Notch (caNotch) results in the same 

phenotype, namely the inhibition of neuronal differentÎation (Islnbashi et al., 1994; Clùtnis et 

al., 1995; Ohtsuka et al., 2001). Translocation of caNotch into the nucleus leads to a 

complex formation with the mamma1ian homolog of Dmophila Suppressor of Hairless, the 

recombination signal-binding protein-JK (RBP-JK) (Fwukawa et al. (1992). This complex has 

the ability to activate Ht51 and Ht55 promoters through the RBP-J-binding sites and can 

directly induce transcription of Hes 1 and HesS by interacting with its promoter element 

Garriault et al. (1995), Hsieh et al. (1997), Nishimura et al. (1998)). Thus, a caNotch can 

induce the endogenous expression of Hesl and HesS. This is aIso supported bythe fact that, 

in mice mutant for Notxhl or RBP-JK the expression of HesS is altered (de la Pompa et al. 

(1997), Barrantes et al. (1999)), whereas treatment with the Notch ligand Delta induces the 

endogenous expression of Hesl or HesS in neighbouring cells Garriault et al. (1998), Wang et 

al. (1998)). In addition, retrovirallymisexpressing caNotch in neural precursor cells prepared 

from wt, Ht51-null, Ht55-null and Ht51-Ht55 double-null mutant mouse embryos induces 

endogenous expression of Hes 1 and HesS and inhibits neuronal differentiation in the wt, 

Ht51-null and Ht55-null background, but not in the Ht51-Ht55 double-null background 

(Ohtsuka et al. (1999)). These findings demonstrate that Hesl and HesS are essentÎaI Notch 

effectors in the regulation of mammalian neuronal differentiation even though they are not 
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functionallyequivalent. Together these findings demonstrate that Hesl is a crucial negative 

regulator of neuronal differentiation in mammals. 

2.c Mechanisms involved in Hes 1 function 

2.c.t Active transcriptional repression 

2.c.t.t Direct binding of Hest to target gene promoters leads to transcriptional 
repression 

An active transcriptional repression mechanism consists of direct binding of a 

transcriptional regulator to DNA sequences, leading to the repression of a target gene. As 

described previously, Hes homodimers bind DNA through class Cor N box consensus sites. 

A few possible Hesl target genes have been identified by the presence of these target 

sequences in their promoters (Akazawa et al. (1992), Sasai et al. (1992), Ishibashi et al. (1993), 

Hirata et al. (2000)). One example is the Hesl gene itself. In reporter gene assays in cultured 

mamma1ian cells, mutations of the N-box sequences in the Hesl promoter suggests that 

Bes1 negativelyautoregulates itself (Takebayashi et al. (1994)). Another potential target gene 

of Hesl is N~ (NgnJ), which contains several N-boxes in its promoter (Lee (2001)). 

Ngn3 is a pro-endocrine factor in the developing pancreas and induces differentiation of 

pancreatic progenitors cells to become islet cells (Gradwohl et al. (2000)). Interestingly, 

Ngn3 is also expressed in limited regions of the developing spinal cord and hypothalamus 

(Sommer et al. (1996)). Hesl has the ability to bind the NgnJ promoter's N-boxes and 

specifically negatively regulates NgnJ activity (Lee (2001)). As mentioned previously, 

mammalian homologues of DmophiJa ac-sc such as Hashl and Mashl are other potential target 

genes of Hesl (Chen et al. (1997)). Consistently, biological studies have revealed that 

targeted disruption of the Hesl gene in mice prematurely upregulates Mashl rnRNA levels 

(Ishibashi et al. (1995); Cau et al. (2000)). Loss of Hesl function results in earlier 
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differentiation of neural precursor ceIls into mature neurons in the telencephalon and, in the 

olfactory placodes, in an increase in the density of Mash1-positive progenitors and an excess 

of neurons (Ishibashi et al. (1995); Cau et al. (2000». The involvement of Hes1 in the 

regulation of the expression of mammalian homologues of DrŒaphiJa tWSC genes resembles 

the transcriptional inhibition of the expression of the adJaete gene by Hairy through binding 

to class C binding sites in its promoter (Ohsako et al. (1994), Van Doren et al. (1994». 

Therefore, these data suggest that Hes 1 functions as a negative regulator of neurogenesis by 

repressing proneural gene activity. 

2.c.l.2 Gro/TLE interaction with Hesl is required for transcriptional repression 

The active transcriptional repression mediated by Hes 1 requires the WRPW 

tetrapeptide at its extreme carboxy-tenninus. 1his motif mediates interaction with the 

general transcriptional corepressors Gro/1LE. Hes1 and 1LE1 are coexpressed in the 

rnammalian developing nervous system (Sasai et al. (1992), Dehni et al. (1995), Yao et al. 

(1998), Allen and Lobe (1999» and persistent expression of Hes1 or 1LE1 in the 

mammalian forebrain leads to similar phenotypes characterized by a loss of neurons 

{Ishibashi et al. (1994), Yao et al. (2000». More precisely, 1LE1 is expressed in mitotic 

neural precursor ceIls, but its expression is down-regulated with the generation of new post-

mitotic neurons, which suggests that 1LE 1 may play a role in the negative regulation of 

neuronal differentiation, like DmophiJa Gro proteins (Dehni et al. (1995); Yao et al. (1998». 

These findings, together with the demonstration that mutations that disrupt the interaction 

between Drosophila Hes and Groucho proteins also result in an inhibition of Hes ability to 

repress transcription, raised the possibility that Gro/1LE may be involved in transcriptional 

repression mediated by Hes1 (Parouch et al. (1994), Fisher et al. (1996), Jimenez et al. 

(1997». In agreement with this, the overexpression of Gro/1LE potentiates transcriptional 
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repression mediated by Hes1 (McLarren et al. (2001)). In addition, the binding of Hes1 to 

Gro/lLE promotes the hypetphophorylation of Gro/'ILE. This Hes1-induced 

hypetphosphorylation is correlated with a tighter association of Gro/lLE with nuclei and 

enhanced transcriptional repression (Nuthall et al. (2002)). A transcriptional corepressor 

function for 'ILE proteins was also demonstrated by studies that showed a functional 

interaction between 'ILE and a variety of DNA-binding factors that can mediate 

transcriptional repression, such as Runt-homology domain proteins (Levanon et al. (1998), 

Javed et al. (2000), McLarren et al. (2000)), homeodomain proteins containing engrailed

homology region 1 motifs (Eberhard et al. (2000), Muhr et al. (2001)), and winged-helix 

transcription factors (Wang et al. (2000), Yao et al. (2001). Thus, interactions with 'ILE 

proteins positively regulate the transcriptional repressive activity of Hes1; the latter provides 

a DNA-binding function while Gro/lLE provides a transcriptional repression function. 

2.c.l.3 Gro/TLE family of proteins bas a transcriptional repressive function 

Two mechanisms are though to be involved in transcriptional repression by 

Gro/lLE family members. Previous studies have shown that oligomeric structures of 

Gro/lLE can interaet with both histones (palaparti et al. (1997), Chen et al. (1998), Flores

Saaib and Courey (2000)) and histone deacetylases (Chen et al. (1999), Choi et al. (1999), 

Brantjes et al. (2001), Yao et al. (2001)). In particular, it was found that Gro proteins form in 

uw complexes with Rpd3, a Dmophila histone deacetylase (Chen et al. (1999)). The 

overexpression of Rpd3 in cultured cells potentiates repression of reporter genes containing 

Gal4-binding sites by Ga14-Gro chimeric proteins and mutations of Rpd3 that inhibits the 

ability of Rpd3 to deacetylate histones also prevents this potentiation (Chen et al. (1999)). 

Thus, this study suggested that histones deacetylation contributes to Gro-mediated 

transcriptional repression. It is proposed that this repression mechanism is the result of the 
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recruitment of histone deacetylases to DNA, which leads to the removal of acetyl groups 

from lysine residues in the amino-terminal domains of core histones (see reviews: Workman 

and Kingston (1998), Ayer (1999)). Therefore, the local chromatin structure would be 

altered to presumably prevent gene transcription since hypoacetylated chromatin correlates 

with repressed transcriptional states (see review Struhl (1998)). In addition, the possibility 

has been raised that Grol 1LE proteins may inhibit the activity of the basal transcriptional 

machinery through interaction with the 1FIIE factor. Yu et al (2001) presented evidence 

showing that the amino-terminal Enhancer of split (AES) protein, a member of the 

Groucho/ILE family, interacts specifically with the basal transcription factor 1FIIE in 

nuclear extract. This possibility is consistent with the observation that the protein TUP1, a 

general eo-repressor thought to represent the funetional analog of Gro/lLE in yeast 

(Grbavec et al. (1999), Flores-Saatb and Courey (2000)) interacts in Utro and in 'liw with Srb7 

subunit, a RNA polymerase II holoenzyme eomponent (Gromoller et al. (2000)). These 

observations suggest that the interaction between TUP1 and holoenzyme components 

interferes with the basal transcriptional machinery. Overall, these findings suggest that 

oligomers of Gro/1LE have a transcription repression function by recruiting histones 

deaeetylases to DNA and! or by inhibiting the basal transcriptional machinery. 

2.c.2 Passive transcriptional repression 

Passive transcriptional repression by Hes factors is a negative regulatory process that 

involves protein sequestration. For example, this meehanisrn takes place when Hes 1 inhibits 

bHLH activators sueh as Mash1, Math1 and MyoD through a meehanism that inhibits their 

binding to the E box. This is achieved through the interaction of Hes 1 with the ubiquitous 

bHLH factors like E47/E12, which are required heterodirner partners of tissue-specifie 

bHLH factors sueh as MyoD, Mash1 and Math1 (Sasai et al. (1992), Akazawa et al. (1995)). 
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Hesl can fonn non-functional heterodimer with these bI-llH factors thereby disrupting the 

fonnation of functional heterodimers such as MyoD-E47 and Mashl-E47 (Sas ai et al. (1992); 

Hirata et al. (2000)). This is supported by studies done in pe12 cells where the expression of 

a DNA-binding deficient fonn of Hesl was almost as effective in repressing Mashl mediated 

activation of the E box containing promoter as wild-type liesl (Castella et al. (1999)). 

However, it is possible that in this experiment Hes 1 was interacting with other not yet 

identified Mashl cofactors in order to achieve repression. 1his passive repression function 

has also been demonstrated in vivo in DrŒaphila for members of the Haity-related proteins 

(Oellers et al. (1994), Dawson et al. (1995), Nakao et al. (1996)). Recent work in DrŒqJhiJa 

by Giagtzoglou (2003) has provided insights on the molecular mechanisms underlying 

passive transcriptional repression by Hes factors. These authors have shown that DrŒqJhiJa 

Enhancer of split proteins interact simultaneouslywith co-repressor Groucho and proneural 

achaete-scute proteins (Giagtzoglou et al. (2003)). As a result, transcriptional repression of 

proneural bHLH target genes may involve the recruitment of Groucho to the E box 

promoter region at which proneural bHLH are bound. Hes proteins would not require 

binding directly to DNA to mediate transcriptional repression of proneural protein function, 

but could do so by interacting directly with proneural bHLH proteins and recruit 

Groucho/1LE. factors. Together these findings demonstrate that Hes proteins are aIso able 

to repress transcription of proneural genes by forming non-functional heterodimers with 

bI-llH E prote in, which results in an indirect inhibition of the neurogenic activity of E

proneural protein heterodimers. 
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3 THE HES FAMILY MEMBER, HES6 PROMOTES NEURONAL DIFFERENTIATION 

3.a Spatial and temporal expression pattern of Hes6 suggests a neumgenic mIe 

Recently, a novel member of the Hes family of prote in, Hes6, was identified (Bae et 

al. (2000), Koyano-Nakagawa et al. (2000), Pissara et al. (2000), Vasiliauskas and Stem 

(2000)). Hes6 was first isolated based on its shared structural features with Hes proteins, 

such as the conserved proline residue in the basic region of the bI-ll.H domain and the 

catboxy-terminal WRPW motif. These structural similarities suggested that Hes6 might play 

a role in the differentiation process in the developing nervous system like Hesl and HesS. In 

agreement with this possibility, expression studies in mouse embryos showed that Hes6 

rnRNA expression is observed in most of the developing nervous system and reaches high 

levels by E 12.5, when it is detected in the telencephalon and diencephalon, as well as many 

other regions of the nervous system (Bae et al. (2000), Koyano-Nakagawa et al. (2000), 

Pissarra et al. (2000), Vasiliauskas and Stem (2000)). In the developing cortex, high levels of 

Hes6 are detected in the ventricular zone containing dividing neural precursor cells, as well as 

in the cortical plate containing differentiated cells. This is in contrast to Hesl, which is 

preferentially expressed in precursor cells in the ventricular zone and is downregulated 

during the transition to neurons (Sasai et al. (1992), Bae et al. (2000), Pissarra et al. (2000)). 

During the development of the eye, Hes6 is expressed at high levels in two layers of the 

neural retina; the ventricular layer containing undifferentiated cells and the ganglion celllayer 

containing projection neurons (Bae et al. (2000)). In the amphibian Xenopus laevis, Hes6 

expression was aIso detected in neurogenic regions, where low leveIs of expression are 

observed in the ventricular zone and higher levels in the intennediate zone, which contains 

newlydifferentiated neurons (Koyano-Nakagawa et al. (2000)). Thus, the expression pattern 

of Hes6 in both neural precursors and neurons supports a role for this factor during 

neurogeneslS. 
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Expression studies in the Xenopus have shown further that Hes6 is temporally 

downstream of Xngnl, a bHLH proneural prote in, and upstream of SeglO, a marker for 

tenninallydifferentiated neurons of the neural tube (Koyano-Nakagawa et al. (2000)). It was 

also obsetved that Hes6 expression pattern overlaps spatiallyand temporally with NeuroD, a 

neuronal differentiation bHLH factor, suggesting a role for Hes6 during the regulation of the 

transition of detennined progenitors into differentiated neurons (Koyano-Nakagawa et al. 

(2000)). 

To address the involvement of Hes6 in neurogenesis, Hes6 was ectopicallyexpressed 

in the developing mouse retina. This resulted in the induction of rod photoreceptor cell 

differentiation at the expense of other eell types, suggesting that Hes6 promotes neuronal 

differentiation (Bae et al (2000)). In agreement with this, injection of Hes6 rnRNA in 

Xenopus embryos resulted in inereased numbers of cells expressing the neuronal 

differentiation marker N-tubullin, indicating that Hes6 promotes neuronal differentiation 

(Koyano-Nakagawa et al. (2000)). The overexpression of a mutant Hes6 that lacks the G 

tenninal WRPW motif was still able to promote the fonnation of primaty neurons, 

suggesting that Hes6 does not need to interaet with Gro/11E corepressors to promote 

neurogenesis (Cossins et al. (2002), Koyano-Nakagawa et al. (2000)). In sum, spatial and 

temporal expression analyses as well as ectopie expression studies suggest that Hes6 acts as a 

positive regulator of neuronal differentiation. 

3.b Regulation of Hes6 by proneural bHLH proteins 

Previous studies in Xenopus embryos have shown that, unlike Hesl and HesS, Hes6 

expression is not activated by the antineurogenic Notch signalling pathway (Koyano-

Nakagawa et al. (2000)). More specifically, Hes6 RNA expression is not upregulated byan 

aetivated fonn of the Xenopus Notch receptor (ICD) nor blocked by the overexpression of a 
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DNA-binding mutant of Xerqms Su(H) {Koyano-Nakagawa et al. (2000». In agreement with 

the hypothesis that Hes6 does not act as a Notch effector, Hes6 expression rather appears to 

be positively regulated by proneural proteins. The injection of rnRNAs encoding proneural 

bHLH proteins Xngn1, Xash3 and Xath3 induces Hes6 expression. Moreover, in Ngnl 

knockout mice, Hes6 expression is lost in the proximal craillaI ganglia whose development is 

dependent on Ngnl {Ma et al. (1998), Koyano-Nakagawa et al. (2000)). Taken together, 

these observations from both mouse and Xenopus suggest that proneural bHLH proteins 

activate Hes6 expression during the development of the nervous system. 

3.c Mechanisms underlying Hes6 function 

3.c.1 Hes6 activity is independent of DNA-binding 

Insights into the mechanisms used by Hes6 to promote neurogenesis was first 

provided by the studies of Bae et al (2000) showing that Hes6 inhibits the transcriptional 

repressor activityof Hes1 at an N box reporter (Bae et al. (2000)) and also reduces the ability 

of Bes1 to inhibit the transcriptional activation mediated by Mashl-E47 heterodimers (Bae 

et al. (2000)). These observations first suggested that Hes6 antagonizes Hesl function. One 

hypothesis is that Bes6 might bind to the same DNA-binding site as Bes1, thus competiting 

with Hesl for DNA binding. This hypothesis was not consistent, however, with the 

demonstration that Hes6 does not bind to the E or N box motifs recognised by other Bes 

proteins (Bae et al. (2000), Koyano-Nakagawa et al. (2000)). Moreover, the overexpression 

in Xerqms embryos of a mutated fonn of Hes6 that lacks the basic ann of the bHLH 

domain, and thus is unable to bind ta DNA, resulted in a promotion of primary 

neurogenesis similar to that promoted by wild type Hes6 (Koyano-Nakagawa et al. (2000), 

Cossins et al. (2002». Together, these results suggest that Hes6 function is independent of 

DNA-binding. The inabilityof Bes6 to bind to N- or E-boxes was proposed to derive from 

25 



the fact that the loop region of Hes6 is five amino acid shorter than that of Hes 1 and Hes2 

and four amino acid shorter than Hes3 and HesS (Bae et al. (2000), Koyano-Nakagawa et al. 

(2000». Interestingly, however, Cossins et al. (2002) found that, at least in Utro, Hes6 binds 

to a different DNA sequence referred to as the Enhancer of Split E box (ESE box) Gennings 

et al. (1999». Hes6 has the ability to represse transcription at a promoter containing ESE 

boxes to a degree sirnilar to Hesl in reporter assays in transfected cells (Bae et al. (2000), 

Cossins et al. (2002». However, the physiological significance of these observations remains 

to be determined. Together, these observations suggest that during neural development the 

functÎons of Hes6 are DNA-binding independent. However, binding to DNA (ESE boxes) 

may be important during other functions of Hes6. 

3.c.2 Hes6 interacts with other Hes proteins. 

The finding that Hes6 has a negative effect on the transcription functions of Hes 1 is 

consistent with the observation that Hes6 binds to mouse Hesl and Xenopus XHairy 2A and 

Xhairy 1 proteins in in Utro assays (Bae et al. (2000), Koyano-Nakagawa et al (2000». This 

suggests that Hes 1 :Hes6 dimerization may be responsible for the formation of inactive Hes 1-

containing complexes. However, virtually nothing is known about the molecular 

mechanisms underlying this possible scenario. 

Taking into consideration that Hes6 1) fonns heterodimers with Hesl in transfected 

non-neural cells (Bae et al. (2000), Koyano-Nakagawa et al. (2000», 2) it cannot bind 

canonical Hes DNA-binding sites (Bae et al. (2000), Koyano-Nakagawa et al. (2000)), and 

that 3) it does not interfere with the ability of Hesl to bind to N-boxes, but reduces Hes-l 

mediated repression in transfected non-neural cells (Bae et al. (2000», we formulated the 

foIlowing hypothesis: Hes6 promotes neuronal differentiation by acting as a negative 

regulator of Hes 1. We have therefore investigated this possibility, as weIl as the underlying 
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molecular mechanisms. Otapter 2 of this thesis will present the results of studies that have 

addressed this important hypothesis. 
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ABSTRACT 

Hes1 is a mammalian basic helix loop helix transcriptional repressor that inhibits 

neuronal differentiation together with corepressors of the Groucho (Gro)/TLE family. The 

interaction of Hes1 with Gro/TLE is mediated by a WRPW tetrapeptide present in aIl Hes 

family members. Contrary to Hes1, the related protein Hes6 promotes neuronal 

differentiation. Litde is known about the molecular mechanisms that underlie the neurogenic 

activity of Hes6. It is shown here that Hes6 antagonizes Hes1 function by two mechanisms. 

Hes6 inhibits the interaction of Hes 1 with its transcriptional corepressor Gro /TLE. 

Moreover, it promo tes a proteolytic degradation of Hes 1. This effect is maximal when both 

Hes1 and Hes6 contain the WRPW motif and is reduced when Hes6 is mutated to eliminate 

a conserved site (Ser183) that can be phosphorylated by protein kinase CK2. Consistent with 

these fmdings, Hes6 inhibits Hes1-mediated transctiptional repression in cortical neural 

progenitor cells and promotes the differentiation of cortical neurons, a process normally 

inhibited by Hes1. Mutation of Ser183 impairs the neurogenic ability of Hes6. Taken 

together, these findings datify the molecular events underlying the neurogenic function of 

Hes6 and suggest that this factor can antagonize Hes1 activity by multiple mechanisms. 

29 



INTRODUCTION 

In the developing mammalian central nervous system (CNS), differentiated neuronal 

and glial cells derive from multipotent neural progenitor cells located in the proliferative 

zone of the neural tube. The commitment of the se progenitor cells to the neuronallineage is 

regulated by the antagonistic activities of a number of positively and negatively acting 

transcription factors containing the basic helix-Ioop-helix (bHLH) DNA-binding and 

dimerization motif (reviewed in 2, 18). Neurogenic bHLH factors include several 

evolutionarily conserved molecules related to the proneural pro teins Atonal and Achaete-

Scute of Drosophila (8, 13,20). They function by forming heterodimers with the ubiquitous 

bHLH protein E47. These dimers bind to DNA sequences commonly referred to as E boxes 

(CANNTG) and transactivate the expression of genes that promote the acquisition of the 

neuronal fate (17, 32). 

Antineurogenic bHLH factors include members of the Hairy /Enhancer of split (Hes) 

family (1, 26, 32). Contrary to proneural proteins, Hes factors like Hes1 and HesS mediate 

transcriptional repression and bind preferentially to DNA sequences referred to as N boxes 

(CACNAG) (32). They are thought to inhibit neuronal differentiation by antagonizing the 

neurogenic activity of the proneural proteins via multiple mechanisms, including a direct 

involvement in the negative regulation of proneural gene expression (4, 21) and an inhibition 

of the activity of E47·proneural protein heterodimers (1, 3, 32). Genetic perturbations that 

alter the normal balance of the activities of proneural and antineurogenic bHLH proteins 

have dramatic effects on CNS development in vivo, underscoring the importance of 

understanding how the functions of these factors are normally regulated (8, 16,26,36). 

The Hesl gene is initially expressed in proliferating neural progenitor cells and 

becomes down-regulated during the progenitor-to-neuron transition (32). Persistent 

expression of Hes1 inhibits neuronal development, whereas disruption of Hesl function 
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results in the premature differentiation of neuronal cells and the up-regulation of proneural 

genes (15, 16, 36). These observations indicate that Hesl acts in neural progenitor cells to 

control the timing of neuronal differentiation. Molecular me chanis ms that contribute to the 

positive or negative regulation of Hes1 activity in neural progenitor cells are beginning to be 

elucidated. In particular, studies in both invertebrate and vertebrate species show that 

antineurogenic Hes proteins are coexpressed, and directly interact, with general 

transcriptional corepressors of the Groucho/Transducin-like Enhancer of split (Gro/TLE) 

family (7, 12, 24, 25, 29, 34, 40). This interaction is mediated by a WRPW tetrapeptide motif 

present at the carboxy-terminus of all Hes proteins (7, 11, 24). Mutations that disrupt the 

Hes-Gro/TLE interactions impair the ability of Hes proteins to mediate transcriptional 

repression (7, 24, 29). Moreover, Hesl activates phosphorylation mechanisms that promo te 

the transcription repression function of Gro/TLE (25). Together, these observations identify 

Gro /TLE pro teins as positive regulators of Hes activity and suggest that Hes 1 acts by 

recruiting hyperphosphorylated Gro/TLE to specific DNA sites where the latter mediate 

transcriptional repression (25). 

Another protein that has recently been implicated in the regulation of Hesl activity is 

the related Hes family member, Hes6 (3, 19). The Hes6 gene is expressed throughout the 

developing CNS, where it is found in both undifferentiated neural progenitors and 

differentiated neurons (3, 19, 30, 38). Contrary to Hesl, Hes6 acts as a positive regulator of 

neuronal differentiation in both murine retinal explants and Xenopus embryos (3, 19). 

Although little is known about the molecular mechanisms underlying the neurogenic ability 

of Hes6, a number of observations suggest that Hes6 may promote neurogenesis by 

antagonizing the function of Hes1. Studies in transfected non-neural cells show that Hes6 

can heterodimerize with Hesl and can inhibit the ability of Hesl to both repress 

transcription from promoters containing N box sequences and suppress the activity of 
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E47'proneural protein hetetodimets (3). In addition, Hes6 does not teqmre an intrinsic 

DNA-binding ability to promote neurogenesis because mutation of the basic atm of its 

bHLH domain does not abolish its neurogemc ability in vivo (19). Togethet, these 

observations suggest that Hes6 may ptomote neuronal diffetentiation via DNA binding

independent events that involve a negative tegulation of Hes1 function in the CNS. Virtualiy 

nothing is known, however, about the molecular mechanisms underlying this inhibitory 

effect. 

Here we describe experiments showing that Hes6 negatively regulates Hes1 activity 

by at least two mechanisms. Hes6 inhibits the interaction of Hes1 with Gro/TLE. In 

addition, it promotes a proteolytic degradation of Hes 1. This effect is maximal when both 

Hesl and Hes6 contain the WRPW motif, and is reduced by a point mutation (S183A) that 

removes a consensus site for phosphorylation by protein kinase CK2. In agreement with 

these findings, Hes6 inhibits Hes1-mediated transcriptional repression in cortical neural 

progenitor celis and promotes their neuronal differentiation. Moreover, the S183A mutation 

attenuates Hes6 phosphorylation by protein kinase CK2 and impairs Hes6 ability to promote 

neuronal differentiation. Taken together, these findings identify novel mechanisms through 

which Hes6 may act as a negative regulator of Hes1 activity and a positive regulator of 

neuronal differentiation. 
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MATERIALS AND METHODS 

Plasmids. Polymerase chain reaction (PCR) was used to amplify the sequences 

encoding full-length Hes6 (oligonucleotide pnmers Hes6-1, 5'

GACCATGGCTCCGTCCCA, and Hes6-2, 5'-TCACCAAGGCCTCCACACACTC) or 

Hes6D WRPW (oligonucleotide pnmers Hes6-1 and Hes6-3, 5'

TCACACACTCTGAGCCCGGCGAGC) using the full-length Hes6 cDNA Image clone 

W66929 as template (5). The sequence encoding a truncated form of Hes6 lacking the first 

13 amino acids (Hes6(14-224» was also amplified by PCR (oligonucleotide primers Hes64, 

5'-TCAGGAGGATGAGGACCGCTGGGAA' and Hes6-2); Hes6 and Hes6(14-224) 

behaved equally in our studies. PCR products were subcloned into the pcDNA3-GAL4bd 

vector digested with BamHI (followed by filling-in with Klenow DNA polymerase) or into 

the pCMV2-HA plasmid digested with EcoRV or SmaI. The pCMV2-HA-Hes6(S183A) 

plasmid was obtained by fu:st generating the sequence encoding the indicated point mutation 

using a PCR-based strategy (the mutated oligonucleotide primers were Hes6-5F, 5'

GACCTGTGTGCTGACCTAGAGGAGAT, and Hes6-5R, 5'-TCTAGGTCAGCACACA 

GGTCGT), followed by subcloning into pBluescript plasmid and DNA sequencing. The 

verified mutant sequence was then subcloned into pCMV2-HA-Hes6 digested with Smal, 

replacing the wild type sequence. Constructs for the bacterial expression of fusion proteins 

of GST and Hes6 or Hes6(S183A) were obtained by digesting pCMV2-HA-Hes6 or 

pCMV2-HA-Hes6(S183A) with BglII and BamHl, followed by subcloning into pGEXl 

digested with BamH1. The pGEX1-Hesl DNA has been described (23). Constructs pEBG

Hes6 and pEBG-Hes6~WRPW were generated by digesting pcDNA3-GAL4bd-Hes6 or 

pcDNA3-GAL4bd-Hes6~ WRPW, respectively, with EcoRI, followed by filling-in with 

Klenow DNA polymerase and subcloning into the filled-in Cial site of pEBG to generate 

plasmids for the expression of fusion proteins of GST and Hes6 or Hes6D WRPW in 

marnmalian cells. Plasmid pCMV2-FLAG-Hesl~WRPW:Gro/TLEl was generated by fltst 
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subcloning the region encoding Hes1~WRPW (obtained by PCR amplification with primers 

Res1-1, 5'-AATGCCAGCTGATATAATGGAG, and Hes1-2, 5'-ACATGGAGTCCGCAG 

TGAGCGA) into pCMV2-FLAG digested with EcoRV. This was foilowed by in-frame 

ligation of the sequence encoding Gro/TLE1 (aiso obtained by PCR with primers 

Gro/IIE1-1, 5'-GGATGTTCCCGCAGAGCCGG, and Gro/IIE1-2, 5'TCAGTAGATGA 

CTTCATAGAC) into an XbaI site Iocated downstream of the Iast codon of Hes1. Ligation 

products were anaIyzed and confumed by sequencing. Plasmids pCMV2-FLAG-Hes1, 

pCMV2-FLAG-Hes1~WRPW, pEBG-Hes1, and pEBG-Hes1~WRPW have been described 

previously (12, 23, 24). Plasmids pFOX-Luc1, pFOX-ngn3p-Luc1 (containing a portion of 

the neurogenin3 (ngn3) promo ter extending ~2.6 kbp upstream of the transcription start site), 

and pFOX-AN-box-ngn3p-Luc1 (containing a mutated version of the -2.6 kbp ngn3 

promoter Iacking the Hes1 binding sites located within 200 bp proximal to the transcription 

start site) have been described (21). 

Transient transfections, protein-protein interaction assays, and Western 

blotting analysis. Human 293A ceils were cultured and transfected using the SuperFect 

reagent (Qiagen) as described previously (23-25). When appropriate, transfected ceils were 

incubated for 6 hours in the presence of 10 !lM MG 132 (Calbiochem) prior to ceil lysis. 

Treatment of ceil lysates with calf intestinal phosphatase was performed as described (14). 

To examine the effect of Hes6 on Hes1 stability, cells were transfected for 36 hr with 

pCMV2-FLAG-Hes1/Hes1~WRPW (50 ng/transfection) in the absence or presence of 

Hes6, Hes~WRPW, or Hes6(S183A) expression plasmids (200-800 ng/transfection). To 

examine the effect of Hes6 on the Hes1eGro/TLE interaction, ceils were transfected for 24 

hr with Hes1- or Hes1~WRPW expression plasmids (100-200 ng/transfection) in the 

absence or presence of Hes6- or Hes6~ WRPW expression plasmids (100-200 

ng/transfection). Ceil lysates were prepared and GST coprecipitation (23, 24), 

immunoprecipitation (14, 40), and Western blotting (6, 25, 28) studies were performed as 
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described previously. The antibodies used were as follows: panTLE (6,28,34), anti-GST and 

anti-GAL4bd (Santa Cruz Biotechnology), anti-HA (Roche), or anti-FLAG (Sigma). 

In vitro phosphorylation of bacterially purified Hes proteins. Fusion proteins of 

GST and Hes6 or Hes6(S183A) were purified from bacteria as described (12, 23). Roughly 

50 ng of each fusion protein were resuspended in buffer A (50 mM Tris-HCl (PH 7.6), 10 

mM MgCI2, 1 mM EDTA, 1 mM dithiothreitol, 0.1% Triton X-100, 200 Ilm ATP) 

containing 200 IlCi/ml [y_32p]ATP in the presence of 0.5 U of purified protein kinase CK2 

(New England Biolabs)/1l1 for 15 min at 30 oc. Reactions were terminated by the addition of 

2X SDS-PAGE sample buffer and incubation at 65 oC for 5 min. After gel electrophoresis, 

proteins were transferred to nitrocellulose and exposed to film. After autoradiography, 

membranes were subjected to Western blotting with anti-GST antibodies. 

Telencephalic neural progenitor cell cultures. Primary neural progenitor cell 

cultures were established from dorsal telencephalic cortices dissected from embryonic day 

(E) 13.5 mouse embryos as described previously (10, 33). Cells were seeded into either 4-well 

chamber slides (Nalge Nunc Int.) for immunocytochemical studies or 6-well dishes (BD 

Labware) for transcription assays. AlI chambers and dishes were 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 % penicillin & streptomycin 

(Invitrogen), and 40 ng/ml FGF2 (Collaborative Res.). 

Transient transfection/transcription studies 10 neural progenitor ceUs. 

Approximately 1.5xl06 cells/ml were seeded at the start of the experiments. After twenty

four hr in vitro ("day 1"), when ~90% of the cultured cells were mitotic (10, 25, 35), 

transfections were performed by mixing the appropriate combinations of plasmids (total 

amount of DNA was adjusted to 2.0 Ilg/well in each transfection) with OptiMEM medium 

(Invitrogen). An equal volume of OptiMEM medium was mixed separately with 

Lipofectamine 2000 reagent (Invitrogen; 1.25 Ill/Ilg of DNA) and then combined with the 

DNA mixture and incubated for 20 min. The DNA/Lipofectamine 2000 mix was then 
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added dropwise to each weIl. In each case, a pRSV -p-galactosidase DNA was cotransfected 

to provide a means of normalizing the assays for transfection efficiency. Twenty-four hours 

after transfection, cells were harvested and luciferase and p-galactosidase activities were 

determined as described (23-25). Results were expressed as mean values ± S.D. 

Immunocytochemical analysis of differentiating neural progenitor cells. 

Approximately 4x10s cells/ml were seeded at the start of the experiments. After forty-eight 

hr in vitro, cells were transfected as described above using plasmids encoding either enhanced 

green fluorescent protein (GFP) alone (0.2 ).tg/weIl), or combinations of GFP and Hes6, 

Hes6~WRPW, or Hes6(S183A) (0.5 ).tg/weIl of either Hes6 plasmid). Total amount ofDNA 

was adjusted to 1.0 ).tg. Cells were allowed to differentiate until day 4-5 in vitro, when they 

were fixed and subjected to double-label immunocytochemical analysis of the expression of 

GFP, nestin (a marker of undifferentiated neural progenitor ceIls), MAP2 or NeuN (markers 

of differentiated neurons) as described (33, 35). Anti-nestin (BD-Pharmingen), -MAP2 

(Sigma), or -NeuN (Chemicon) antibodies were used. Digital image acquisition and analysis 

were performed with the Northern Eclipse software (Empix Inc.). Results were expressed as 

mean values ± S.D. 
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RESULTS 

Promotion of cortical neurogenesis by Hes6. 

Hes6 was shown to promote neuronal differentiation in Xenopus embryos and mouse 

retinal explants (3, 19). To determine wh ether Hes6 might also promo te the development of 

cortical neurons, we transfected exogenous Hes6 in primary cultures of neural progenitor 

cells isolated from the dorsal telencephalon of E13.5 mouse embryos. These cortical 

progenitors endogenously express Hes6 (Ref. 3 and data not shown), as well as Hesl and 

Gro/TLE (6, 32, 40). Enhanced GFP was coexpressed to mark the transfected cells. 

Exogenous Hes6 expression led to a significant increase in the number of differentiated 

neurons when compared to GFP alone, as revealed by immunocytochemistry with antibodies 

against the neuronal-specifie protein MAP2 (Fig. lA and Fig. lB, cf. bars 1 and 2). This 

increase was correlated with a decrease in the number of undifferentiated neural progenitor 

cells expressing the protein nestin (Fig. le, cf. bars 1 and 2). These results thus show that 

Hes6 promotes cortical neuronal differentiation. Since previous studies have shown that the 

neurogenic ability of Xenopus Hes6 does not require its carboxy-terminal WRPW motif 

involved in Gro/TLE binding (19), we next examined if Hes6~WRPW, a truncated form 

lacking this motif, would also promote cortical neuronal differentiation. Exogenous 

Hes6~ WRPW also caused an increase in the number of differentiated neurons, although less 

effectively than Hes6 (Fig. lB, cf. lanes 1-3). Hes6 and Hes6~WRPW were expressed at 

equivalent levels (Fig. 3A below). Together, these fllldings strongly suggest that Hes6 

promotes the differentiation of cortical progenitor cells into postmitotic neurons. They 

suggest further that its WRPW motif is not required for, but contributes to, a maximal 

neurogenic effect. This is consistent with the flllding that although both Hes6 and 
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Hes6i1WRPW can promote neurogenesis in Xenopus embryos, the fonner elicited a more 

robust neurogenic effect than the latter (19). 

Comparison of the interaction of Hes6 or Hes 1 with Gro/TLE. 

To elucidate the molecular mechanisms underlying the neurogenic activity of Hes6, 

we tested whether this function might involve an inhibition of the anti-neurogenic activity of 

Hesl. Both Hes1 and Hes6 bind to GroilLE (9, 12,24,25) and are coexpressed with the 

latter in a number of tissues (3, 6, 9, 12, 32, 34, 39). In particular, Hesl and Hes6 are 

coexpressed in neural progenitor ceIls but not in differentiated neurons where Hes6 

continues to be expressed white Hesl is down-regulated (3, 19,32). This suggested that Hes6 

might act as a negative regulator of Hes1 activity in neural progenitors by cornpeting with 

Hes1 for binding to GrollLE, thus 'titrating away' the corepressor function that GrollLE 

provides ta Hes1. To examine this possibility, we first tested if Hes6 had a higher affinity 

than Hes1 for Gro/lLE. 293A ceIls that express endogenous Gro/lLE (Fig. 2A, lanes 1-4) 

were transfected with plasmids encoding either GST-Hes6 or GST-Hes1. The precipitation 

of equivalent amounts of these fusion proteins (Fig. 2B, cf. lanes 5 and 7) resulted in the 

coprecipitation of equivalent amounts of endogenous GrollLE (Fig. 2A, cf. lanes 5 and 7). 

In contrast, expression of fusion proteins of GST and truncated fonns of Hes6 or Hes 1 

lacking the WRPW motif (Fig. 2B, lanes 6 and 8) did not result in the coprecipitation of 

GrollLE (Fig. 2A, lanes 6 and 8), consistent with the demonstrated requirement for this 

motif for GroilLE binding (24). These findings show that Hes1 and Hes6 interaet with 

GrollLE with similar affinities when theyare expressed at equivalent levels. 
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Effect of Hes6 on the interaction of Hes 1 with Gro/TLE. 

To directly test if Hes6 might compete with Hes1 for Gro/lLE binding, we 

perfonned Hes1·Gro/lLE coimmunoprecipitation studies in the absence or presence of 

Hes6. 293A ceIls were transfected with FLAG epitope-tagged Hes1, followed by 

immunoprecipitation with anti-FLAG antibodies. In the absence of HA-Hes6 (Fig. 3A, lane 

1), Gro/lLE coimmunoprecipitated efficientlywith Hes1 (Fig. 3E, lane 1, see arrow). When 

Hes6 was coexpressed with Hes1 (Fig. 3A, lane 2), we obsetved a significant decrease in the 

amount of Gro/lLE that coimmunoprecipitated with Hes1 (Fig. 3E, cf.lanes 1 and 2, see 

arrow). Under these conditions (see MateriaIs and Methods), Hes6 expression did not cause 

a significant decrease in the level of transfected Hes1 (Figs. 3B and D, cf.lanes 1 and 2) and 

had no negative effect on the expression of endogenous Gro/lLE (Fig. 3q, suggesting that 

the decreased GrollLE coimmunoprecipitation was not simply the result of decreased 

levels of these proteins. In this and succeeding figures, the relative intensities of the Hes1 

and Hes6 immunoreactive bands do not reflect the actual relative amounts of these factors 

because different antibodies were used for each protein and blots were not developed for 

equallengths of time. To test if the reduction in Rest·Gro/lLE coimmunoprecipitatÏon 

resulted from a titration effect mediated by Hes6 homodimers, the same assays were 

perfonned using Hes6~ WRPW (Fig. 3A, lane 3). This protein aIso caused a decrease in 

Gro/lLE coimmunoprecipitation with Hes1, although this reduction was not as robust as 

with Hes6 (Fig. 3E, cf. lanes 1 and 3, see arrow). Coexpression of Hes6~ WRPW did not 

affect the levels of lies! or Gro/lLE (Figs. 3B and q. Similar studies were pertonned using 

fusion proteins of Hes6 and the DNA-binding domain of GAL4 (GAL4bd). Expression of 

increasing amounts of GAL4bd-Hes6 (Fig. 4A, lanes 2 and 3) led to a significant inhibition 

of the coimmunoprecipitation of Gro/lLE with Hes1 (Fig. 4D, cf. lanes 1-3), without 
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significantly affecting the expression of either Hes1 (Fig. 4B, lanes 1-3; see arrow) or 

Gro/1LE (Fig. 4C, lanes 1-3). GAL4bd-Hes6.1WRPW had a similar effect, although it was 

somewhat less effective than GAL4bd-Hes6 (Fig. 4D, lanes 4 and 5). 

To extend these observations, cells were transfected with Hes1.1 WRPW, followed by 

immunoprecipitation with anti-FLAG antibodies. As expected, in the absence of 

cotransfected Hes6, Gro/1LE did not coimmunoprecipitate with Hesll1WRPW (Fig. 3E, 

lane 7). In contrast, Gro/1LE coimmunoprecipitated with Hesll1 WRPW when the latter 

was cotransfected with Hes6 (Fig. 3E, lane 4), but not with Hes611 WRPW (Fig. 3E, lane 5). 

As previously reported (3), Hesl and Hes6 proteins heterodimerized with each other under 

the experimental conditions of these assays (data not shown). Expression of Hes6 alone 

followed by immunoprecipitation with anti-FLAG antibodies did not resuIt in Gro/1LE 

coprecipitation (Fig. 3E, lane 6). The expression of Hesll1WRPW was not affected by Hes6 

expression (Figs. 3B and D). Taken together, these findings demonstrate that Hes6 can 

antagonize the interaction of Hesl with Gro/1LE. The WRPW motif of Hes6 is not 

necessaty for this effect, suggesting that this is not solely the result of a competition by Hes6 

homodimers for Gro/1LE binding. 

Effect of Hes6 on the stability of Hes 1. 

During the course of our transfection experiments, we noted that under appropriate 

conditions (see Materials and Methods) the coexpression of increasing levels of Hes6 caused 

a graduaI decrease of FLAG-Hes1 immunoreactivity (Figs. SA and B, cf.lanes 1-3). A simi1ar 

effect was observed when Hes611 WRPW was expressed (Figs. SA and B, cf. lanes 1, 4 and 5), 

although this truncated form appeared to cause a smaller decrease in Hes 1 leveIs compared 

with Hes6. The expression of Hes1.1 WRPW was aIso reduced in the presence of Hes6, but 
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not as significantly as in the case of Hesl (Fig. SA, cf. Ianes 1-3 and 6-8). In contrast, 

Hes6~WRPW had no significant effect on Hesl~WRPW levels (Fig. SA, cf.lanes 6,9 and 

10). These findings were specifie because the levels of endogenous Gro/lLE were not 

affected by either Hes6 or Hes6~ WRPW (Fig. sq. To corroborate these results and exclude 

any effects due to the presence of the HA epitope on Hes6, similar studies were perfonned 

using GAL4bd-Hes6. Expression of both GAL4bd-Hes6 and GAL4bd-Hes6~ WRPW also 

caused a decrease in Hes1 immunoreactivity compared to the expression of GAL4bd alone 

(data not shown). These combined observations suggest that Hes6 promotes mechanisms 

that negatively regulate the stability of Hes 1. 

To elucidate these mechanisms further, we tested if the stability of Hes6 and! or 

Hesl might be increased by inhibition of the 26S proteasome. Unexpectedly, we observed a 

decrease in both HA-Hes6 and GAL4bd-Hes6 immunoreactivity when celis were treated 

with the protease inhibitor MG132 (Figs. 6A and B, cf. lanes 2 and 3). The proteasome 

inhibitor lactacystin also caused a similar decrease in Hes6 immunoreactivity (data not 

shown). This effect was specifie because it was not observed when Hes6~ WRPW was tested 

(Figs. 6A and B, cf. lanes 4 and 5). Moreover, MG132 had no effects on the expression of 

either Hes1 (Fig. 6C, lanes 1 and 2) or Gro/lLE (Fig. 6C, Ianes 3 and 4). We also observed 

that the decrease in full-Iength HA-Hes6 or GAL4bd-Hes6 was not correlated with the 

appearance of smaller immunoreactive species. In particular, we did not observe bands 

migrating near or above the position where GAL4bd (-19 kDa, see Fig. 4A above) migrates, 

suggesting that MG 132 treatment caused extensive degradation of the Hes6 proteins. These 

combined findings show that Hes6 is susceptible to proteolytic mechanisms that can be 

mimicked or activated (rather than suppressed) by treatment with MG132. These 

mechanisms depend on the presence of the WRPW motif, perhaps because Hes6 is more 
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prone to degradation when it is competent to associate with Gro/lLE or because the 

WRPW motif unmasks sites that are involved in degradation pathways. 

These observations raised the possibility that the susceptibility of Hes6 to proteolytic 

de gradation might be correlated with its negative effect on the stability of Hes1. To test this, 

Hesl was expressed in the absence or presence of increasingly high levels of Hes6. We found 

that the graduai decrease in Hesl stability induced by transfecting increasing amounts of 

Hes6 DNA (Fig. 6D) was not correlated with a graduaI increase in Hes6 irnmunoreactivity 

(Fig. 6E). In contrast, when Hes6 was transfected in the absence of Hesl, we observed the 

expected correlation between higher amounts of DNA and increasing protein levels (Fig. 

6F). Taken together, these results show that Hes6 promotes a degradation of Hesl in a dose-

dependent manner. They suggest further that Hes6 may become increasingly unstable when 

it is bound to Hes1. This in tum mises the possibility that Hesl becomes targeted for 

degradation due to its association with Hes6. This process is rnaximallyeffective when both 

Hes 1 and Hes6 contain the WRPW motif involved in Gro/lLE binding. 

Inhibition of Hes I-mediated trnnscriptional repression by Hes6 in telencephalic 
neural progenitor cells. 

The previous results show that Hes6 can negatively regulate both Hesl stability and 

its interaction with Gro/lLE. Since these effects are predicted to impair Hesl-mediated 

transcriptional repression, we next tested the possibility that Hes6 might suppress the ability 

of Hes 1 to act as a transcriptional repressor in a cellular context where these proteins are 

normally coexpressed. PrimaIy cultures of cortical neural progenitor ceIls were established 

and transfected with a reporter plasmid containing the luciforase gene under the control of the 

Yf!73 promoter. Hes 1 has been shown previously to specifically bind to this promoter and 

repress its activity (21). We found that the ngn3 promoter drove strong expression of the 
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reporter gene in transfected neural progenitors, and that Hes 1 significantly suppressed 

transcription from this promoter (Fig. 7 A, cf. bars 1 and 2). When increasing amounts of 

Hes6 were cotransfected, Hes1-mediated repression was progressive1y reduced (Fig. 7 A, cf. 

bars 2-4). Expression of Hes6~WRPW also resulted in an inhibition of Hes1-mediated 

repression (Fig. 7 A, bars 5 and 6). Control experiments showed that neither Hes6 nor 

Hes6~ WRPW had an activating effect on the rgn3 promoter when transfected in the absence 

of Hes1 (Fig. 7 A, bars 12 and 13). Moreover, no significant effects were observed when the 

rgn3 promoter was mutated to de1ete the Hes1-binding sites present within its proximal 

region (21) (Fig. 7B). These results show that Hes6 has the ability to inhibit transcription 

repression mediated by Hes 1 in neural progenitor cells. 

We then investigated if this inhibitory effect was the result of either a promotion of 

Hes1 de gradation or the prevention of Hes1·Gro/TIE complex fonnation (or a 

combination of both). We hypothesized that transcriptional repression mediated by a 

chimeric protein in which Hes 1 was constitutive1y associated with Gro/TIE might be 

suppressed by fIes6 if that involved a proteolysis of Hes1, but not if it required an inhibition 

of Hes1·Gro/TIE interaction. A fusion protein was engineered (Hes1~WRPW:Gro/1LE1) 

in which the WRPW motif of Hes 1 was removed and the entire sequence of Gro/TIE 1 

subcloned in its place. This chimeric protein repressed transcription driven by the rgn3 

promoter in neural progenitor cells and its repressive activitywas comparable to that of Hes1 

(Fig. 7 A, cf. bars 2 and 7). We found that cotransfection of increasing amounts of fIes6 had 

a de-repression effect on Hes1~WRPW:Gro/TIE1, although this was somewhat weaker 

than its inhibitory effect on fIes1 (Fig. 7 A, cf. bars 2-4 and 7-9). These findings indicate that 

fIes6 can antagonize fIes 1 transcriptional repression activity even when the latter is 

constitutively bound to Gro/1LE, strongly suggesting that an inhibition of the 
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Hes l eGro/1LE interaction is not the only mechanism utilized by Hes6 to suppress Hes 1. In 

tum, this implicates mechanisrns involving the promotion of Hes 1 degradation in this event. 

Imponantly, although Hes6L\ WRPW had an inhibitory effect on Hesl (Fig. 7 A, cf. bars 2, 5, 

and 6) it had not no significant effect on HeslL\WRPW:Gro/1LEl (Fig.7A, cf. bars 7, 10, 

and 11). 

In agreement with these findings, exammatlon of the expressIOn of 

HeslL\WRPW:Gro/1LEl using antibodies against the amino-tenninal FLAG epitope 

showed that Hes6 caused a significant reduction in immunoreactivity compared to controIs 

(Fig. SA, cf. lanes 1 and 2), indicating that Hes6 promotes a degradation of 

HeslL\WRPW:Gro/1LE1. Both GAL4bd-Hes6 and HA-Hes6 had the same effect on the 

expression of Hes 10 WRPW:Gro/1LE 1 (data not shown). In contrast, Hes6L\ WRPW did 

not affect the expression of this fusion protein (Figs. 8A and B, cf. lanes 1 and 3), consistent 

with the lack of a negative effect of Hes6L\ WRPW on the transcription repression ability of 

Hes1L\WRPW:Gro/1LE1 described above. Reprobing with anti-Gro/1LE antibodies 

directed against the carboxy-terminal domain of this fusion protein confinned that 

Hes6L\ WRPW did not decrease the expression of Hes 1L\ WRPW:Gro/1LE 1 like Hes6 did 

(Fig. Sc, cf.lanes 1-3). Moreover, using this antibodies we noticed that coexpression of Hes6 

was not correlated with detectable immunoreactive species migrating between endogenous 

Gro/1LEs (Fig. Sc, see arrowhead) and full-length Hes1L\WRPW:Gro/1LE1 (Fig. 8C, see 

arrow) or lower forrns of smaller sÎze. These obselVations suggest that Hes6 expression 

caused a general proteolysis of the Hes1L\ WRPW:Gro/1LE1 fusion prote in and not solely a 

confined degradation of its amino-terminal portion. Taken together, these findings show that 

Hes6 inhibits Hes1-mediated transcriptional repression in neural progenitor cells and 
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strongly suggest that the promotion of Hes 1 proteolysis by Hes6 is important for this 

inhibitoty effect. 

Involvement of Ser183 in the ability of Hes6 to promote Hes 1 de gradation and 
neuronal differentiation. 

Previous studies (37) have shown that the Dmophila Hes family members, Enhancer 

of split mS, m7, and m8 contain an evolutionarilyconserved sequence motif characterized by 

a carboxy-terminal consensus site for phosphorylation by prote in kinase CK.2, defined as 

(S/1)(D/E)X(D/E), preceded at a short distance by the sequence SP(AlV)SS. This 

sequence, hereafter referred to as the "SPXSS-SDXE motif" is located within a region with a 

high PEST score (37). PEST-rich sequences behave as cis-acting signais that regulate protein 

turnover and have been suggested ta be activated via phosphorylation (27, 31). Dmophila mS, 

m7, and m8 proteins were shown to associate with, and be phosphorylated byprotein kinase 

CK.2 at their conserved SPXSS-SDXE sequences. This phosphorylation is believed to 

activate their PEST domains and result in decreased stability (37). 

Using the program PESTfind (http://at.embnet.o~/embnetitools/bio/PESTfind), 

we identified a conserved potential PEST sequence at the camoxy-terminus of mouse and 

human Hes6 proteins (Fig. 9A; PEST score, +13.02; PEST scores greater than +S are 

considered significant). This region contains a conserved sequence similar to the SPXSS-

SDXE motif found in the PEST domain of Dmophila mS, m7, and m8 (Fig. 9A). This raised 

the possibility that Hes6 might be phosphorylated by prote in kinase CK.2 and that this event 

may regulate its stabilitythrough modulation of PEST sequence activity. To test this, we first 

determined whether Hes6 is a phosphorylated protein. Lysates from cells transfected with 

Hes6 were incubated in the absence or presence of calf intestinal phosphatase, followed by 

gel electrophoresis. After this treatment, Hes6 exhibited a faster electrophoretic mobillity, 
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indicating that it is a phosphorylated protein (Fig. 9B, cf.lanes 1 and 2). In addition, purified 

protein kinase CK2 directly phosphorylated a fusion prote in of GST and Hes6 isolated from 

bacteria (Figs. 9C and D, lane 2). Importantly, a S183A mutation within the SPXSS-SDXE 

motif significantly attenuated phosphorylation of Hes6 by prote in kinase CK2 even when 

Hes6(S183A) was present at higher levels than wildtype Hes6 (Figs. 9C and D, cf.lanes 2 and 

4). Hesl, which does not contain an SPXSS-SDXE motif, was not phosphorylated by 

prote in kinase CK2 (Fig. 9E, lane 1) even when expressed at significantly higher levels than 

Hes6 (Fig. 9F, cf. lanes 1 and 2). Taken together, these findings identify Hes6 as a specific 

target of protein kinase (x2 and strongly suggest that this kinase can phosphorylate Hes6 at 

Ser183. 

Based on these observations, we tested if Ser183 might be important for the ability of 

Hes6 to cause a reduced stabilityof Hesl. 293A cells were transfected with Hesl alone or in 

the presence of Hes6 or Hes6(S183A). Hes6 caused a dramatic decrease in Hesl expression 

whereas Hes6(S183A) had a weaker, although still detectable, effect (Figs. 10A and B, cf. 

lanes 1-3). These findings suggest that phosphorylation of Ser183 plays a positive role in the 

ability of Hes6 to promote Hes 1 degradation. In tum, this raised the possibility that 

Hes6(S183A) might have a weaker neurogenic activitythan wild type Hes6 due to its reduced 

ability to decrease Hesl stability. To examine this possibility, cortical progenitor ceIls were 

transfected with Hes6 or Hes6(S183A) and the transfected ceIls were examined for the 

expression of markers of either proliferating cells (the Ki67 prote in) or differentiated 

neurons (the NeuN protein), as described (33). We found that exogenous Hes6 led tG the 

differentiation of supemumerary neurons (Fig. lac, cf. bars 1 and 2) and a decrease in 

undifferentiated progenitors (Fig. laD, cf. bars 1 and 2). In contrast, Hes6(S183A) did not 

promote similar effects (Figs. laC and D, bar 3). Taken together, these findings identify an 

important role for Ser183 in the neurogenic activity of Hes6 and show a correlation between 
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phosphorylation of this residue by protein kinase CK2 and the ability of Res6 to negatively 

regulate Resl functions and promote neuronal development. 
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DISCUSSION 

Involvement of Hes6 in neuronal differentiation. 

Previous studies in mouse and Xenopus have revealed that Hes6 express10n lS 

correlated with the transition of neural progenitor ceils to the neuronal fate (3, 19, 30, 38). In 

Xenopus, Hes6 activation foilows the expression of neuronal determination genes, lik.e ngn 

family members, and overlaps with neuronal differentiation genes lik.e NeuroD (19). In mice, 

Hes6 expression was detected in both the proliferative zone containing neural progenitor 

ceils and areas containing postmitotic neurons(3). Taken together with the demonstration 

that Xenopus Hes6 expression is not activated by the Notch signaling pathway, which plays an 

antineurogenic role, but rather appears to be driven by neurogenic bHLH proteins (19), these 

observations first suggested an involvement of Hes6 in mechanisms that positively regulate 

neurogenesis. This possibility was confirmed by ectopic expression studies in Xenopus 

embryos and mutine retinal explants that revealed that Hes6 promotes neuronal 

differentiation (19). Importandy, those studies also suggested that Hes6 may act primarily by 

promoting the differentiation of progenitors that already express proneural proteins, perhaps 

by antagonizing the functions of inhibitors of the latter. By removing this inhibition Hes6 

may ailow proneural pro teins to perform more effectively their neurogenic functions leading 

to enhanced neuronal differentiation. In an effort to clarify how Hes6 may antagonize 

inhibitory activities that negatively regulate proneural protein functions, we have focused on 

the Hes1 protein, a weil characterized member of a family of bHLH proteins that act as 

inhibitors of proneural proteins in both invertebrates and vertebrates (18). In particular, 

Hes1 inhibits transcription from proneural gene promoters (4, 21) and the expression of 

proneural genes is prematurely activated in Hesl nullizygous mice (16), suggesting that Hes1 

acts as a negative regulator of proneural proteins in vivo. Hesl and Hes6 are coexpressed in 

differentiating neural progenitor ceils (3, 19, 32), and they can heteroŒmerize in transfected 
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cells and in vitro (3). Moreover, Hes6 was shown to reduce the ability of Hesi to repress 

transcription from an artificial promo ter in NIH3T3 cells (3). These observations raised the 

possibility that Hes6 acts as a negative regulator of the antineurogenic activity of Hes1. 

However, they did not clarify the molecular mechanisms that underlie this function. To 

address this important question, we have performed a combination of molecular and cellular 

investigations that have characterized two complementary me chanis ms that Hes6 may utilize 

to negatively regulate Hesi activity and positively regulate neuronal differentiation. 

Inhibition of Hesl·GrojTLE interaction by Hes6. 

Our studies have shown that the interaction of Hesi with its transcriptional 

corepressor Gro /TLE is reduced when Hes6 is coexpressed at levels that do not have a 

significant effect on the stability of either Hesi or Gro/TLE. This effect is unlikely to result 

solely from a competition for Gro /TLE between Hes6 and Hes 1 homodimers because a 

truncated form of Hes6 that is unable to bind to Gro/TLE also inhibits the interaction of 

Hesi with the latter_ Our finding that Hesi~WRPW-Hes6 heterodimers, which have only 

one WRPW motif, appear to interact with Gro/TLE like Hesi-Hes6 heterodimers, which 

have both WRPW motifs, suggests instead that Hesi-Hes6 heterodimers interact more 

poorly with Gro /TLE than homodimers of either protein. Reasons for this reduced affmity 

may include the fact that the folding of these heterodimers may not allow a proper alignment 

of the WRPW motifs of Hesi and Hes6. Gro/TLE proteins exist as tetramers, so the correct 

alignment of WRPW motifs may be critical for the establishment of a strong interaction 

between Hes factors and Gro/TLE_ A weaker association may be caused by differential 

post-translational modifications, including phosphorylation of Ser183 of Hes6 (see below for 

further discussion). Alternatively, other cofactors that may interact selectively with either 
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Hes1 or Hes6 may not allow a strong interaction between Gro/TLE and Hes1· Hes6 

heterodimers. In either case, the formation of Hes 1· Hes6 heterodimers that interact poorly 

with Gro/TLE is likely to prevent/reduce the interaction of Hesl homodimers with 

Gro/TLE thereby depriving Hesl of its critical transcriptional corepressor and negatively 

regulating its functions. As will be discussed below, this situation may lead, under conditions 

of increasing Hes6 expression, to an additional mechanism of Hesl suppression, namely the 

targeting of Hesl·Hes6 dimers for proteolytic degradation. 

Regulation of Hesl stability by Hes6. 

Our investigations have shown for the fust time that expresslon of increasing 

amounts of Hes6 causes a graduaI decrease of Hesl stability resulting in a loss of full-length 

protein. This finding raises the interesting possibility that Hes6 may act as a negative 

regulator of Hesl activity by regulating the stability of the latter. Such a situation may occur, 

for instance, in determined neural progenitor cells in which increased proneural protein 

activity may promote an up-regulation of Hes6 expression. In turn, Hes6 may cause an 

inactivation of Hesl by affecting its turnover, thereby contributing to the mechanisms that 

will drive those progenitors into the neuronallineage. Such a situation might explain not only 

the ability of Hes6 to suppress Hes1-mediated repression but also the previous observation 

that Hes6 can also suppress the ability of Hesl to inhibit the activity of E2A-proneural 

protein heterodimers (3). Inhibition of proneural protein activity by Hes1 is thought to 

involve the formation of heterodimers between Hes1 and ubiquitous bHLH pro teins like 

E47, thus titrating away the latter from the proneural proteins. A proteolytic degradation of 

Hes1 would therefore be expected to prevent these interactions and inhibit this effect. 
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We have shown that Hes6 is intrinsically susceptible to proteolytic degradation events 

that can be uncovered by exposure to the protease inhibitor MG 132. The mechanisms 

underlying the effect of MG 132 on Hes6 are still unclear and likely involve indirect effects 

resulting from either the MG132-mediated activation of genes that encode factors that may 

destabilize Hes6, the inhibition of proteolytic pathways that may normally degrade factors 

that reduce Hes6 stability, or the inhibition of pathways leading to the expression of factors 

that render Hes6 more stable. Regardless of the exact nature of the events induced by 

MG132, the observation that Hes6 is prone to proteolytic degradation is in agreement with 

the presence of an evolutionarily conserved PEST domain containing an SPXSS-SDXE 

subdomain that includes a resident consensus protein kinase CK2 phosphorylation site at 

Ser183. The presence of PEST domains is characteristic of pro teins that undergo increased 

turnover, and phosphorylation of PEST sequences by protein kinase CK2 was shown to 

negatively affect intrinsic protein stability (22, 27, 31). The Drosophila Hes family members 

Enhancer of split mS/7/8 share with Hes6 a similar SPXSS-SDXE motif within a carboxy-

terminal region characterized by a high PEST score. They were shown to bind direcdy to 

protein kinase CK2 and be phosphorylated by this kinase at their conserved SDXE site. This 

phosphorylation is believed to decrease their stability (37). In agreement with those results, 

we have shown that Hes6, but not Hes1, is phosphorylated by protein kinase CK2 at Ser183 

within the SDXE motif, suggesting a previously unrecognized relatedness of Hes6 to the 

mS/7/8 subgroup of Drosophila Enhancer of split proteins. 

Our studies have also shown that maximal Hes6-mediated degradation of Hesl lS 

correlated with a decreased stability of Hes6 itself. This observation suggests that the 

formation of Hes1· Hes6 heterodimers may increase the intrinsic susceptibility of Hes6 to 

degradation causing the 'recruitment' of Hesl into the same proteolytic mechanisms. 

Although the molecular events underlying such a process remain to be fully elucidated, our 
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investigations have revealed important roles for both the protein kinase CK2 

phosphorylation site at Ser183 of Hes6 and the WRPW motif. We have shown that mutation 

of Ser183 into Ala attenuates, albeit does not abrogate, the destabilizing effect of Hes6 on 

Hes1. This flnding suggests that the SPXSS-SDXE motif of Hes6 and its resident Ser183 

may contribute to the me chanis ms that activate the PEST domain of Hes6. 

Heterodimerization with Hes 1 may render thls region more accessible to such mechanisms 

thereby promoting the degradation of Hes6 and Hes1. Alternatively, the phosphorylation of 

Ser183 may cause a misalignment of the WRPW motifs of Hes1 and Hes6 when these 

factors heterodimerize, leading to a conformation that results in sub-optimal Gro/TLE 

binding compared to homodimers of either protein. This may lead to the formation of 

misfolded Hes1·Hes6·Gro/TLE ternary complexes that may be recognized as defective and 

targeted for removal via proteolytic degradation. Mutation of Ser183 may al10w Hes 1· Hes6 

dimers to interact better with Gro/TLE resulting in the formation of properly folded 

complexes of increased stability. 

The possibility that enhanced proteolysis of Hes1 and Hes6 may be caused by their 

association into incorrecdy folded complexes is also suggested by our observation that the 

formation of Hes 1· Hes6 heterodimers does not appear to be sufflcient to activate proteolytic 

degradation of these proteins by itself, because removal of the WRPW motif from either or 

both Hes1 and Hes6 progressively attenuates Hes1 degradation promoted by Hes6. 

Moreover, Hes6~ WRPW had no detectable effect on the stability of the chimeric protein 

Hesl~WRPW:Gro/TLE1, in contrast to the signiflcant degradation induced by ful1-length 

Hes6. In addition, heterodimers of Hes1 and Hes6 do not efflciendy coimmunoprecipitate 

with Gro/TLE, regardless of whether they contain one or two WRPW motif, suggesting that 

they may not be able to form stable complexes. Since removal of the WRPW motif does not 
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impair the ability of Hes1 and Hes6 to heterodimerize (data not shown), these observations 

suggest that heterodimers of Hes1 and Hes6 may be more susceptible to degradation if they 

are associated with Gro/TLE through their WRPW motifs. Heterodimers lacking this motif, 

and thus unable to interact with Gro/TLE, may be able to fold more properly and avoid 

extensive degradation. Based on these combined observations, we propose that Hes 1· Hes6 

heterodimers are prone to increased degradation when they form complexes with Gro /TLE. 

This situation may due to specifie structural features of these proteins that may not allow the 

formation of properly folded complexes with Gro/TLE, in turn resulting in the activation of 

proteolytic mechanisms involving Ser183 of Hes6. Conversely, it may be phosphorylation of 

Ser183 that causes a misfolding of the carboxy-termini of these heterodimers and an 

impaired ability to bind to Gro/TLE, resulting in degradation as a secondary effect to 

remove the misfolded complexes. Future studies will be aimed at distinguishing between 

these possibilities. In either case, it appears that Ser183 plays an important role in Hes6 

functions, as further indicated by the inability of Hes6(S 183A) to promo te neuronal 

differentiation (see below for further details). 

We recognize that other mechanisms are also possible. For instance, the WRPW 

motif of Hes6 may promo te the instability of Hes1·Hes6 heterodimers in a Gro/TLE

independent manner, possibly by acting as a binding site for proteins other than Gro /TLE 

resulting in the direct or indirect recruitment of proteolytic enzymes. However, it remains to 

be determined wh ether the WRPW motif mediates interactions with proteins other than 

Gro/TLE. In addition, we cannot rule out the possibility that the destabilizing effcct of Hcs6 

on Hesl is the result of the activity of Hes6 as a transcriptional repressor. Hes6 may directIy 

suppress the expression of factors that promo te the stability of Hes1. This seems unlikely, 

however, because Hes6~WRPW, which can not recruit the Gro/TLE corepressor and was 
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shown to be un able to mediate transcriptional repression when fused to GAL4bd (9), also 

promotes Hes1 degradation. In addition, the in vivo neurogenic activity of Hes6 does not 

appear to be DNA-binding dependent, arguing against mechanisms that are solely based on 

direct transcriptional functions (19). It remains possible, though, that Hes6 mediates as yet 

uncharacterized transcriptional mechanisms that may affect Hes1 expression in a dose-

dependent manner. 

Characterization of the molecular mechanisms underlying the suppression of Hesl
mediated transcriptional repression by Hes6. 

To begin to elucidate if different mechanisms of Hes1 inhibition are used by Hes6 in 

combination (to achieve maximal effects) or separately (perhaps depending on particular 

cellular and/or developmental conditions), we have examined the effect of Hes6 on the 

ability of Hesl to mediate transcriptional repression in cortical progenitor cells, where these 

proteins are coexpressed. We have found that Hes6 suppresses Hes1-mediated repression. 

Both Hes6 and Hes6~ WRPW have a similar inhibitory effect. This observation does not 

suggest that the suppression of Hes1 activity derives from the Hes6-mediated repression of a 

gene(s) encoding a positive regulator(s) of Hes1, because previous studies have shown that 

Hes6 requites its WRPW motif to repress transcription when targeted to DNA as a fusion 

protein with GAL4bd (9). Moreover, this finding also argues against a mechanism involving 

solely a competition for Gro /TLE between Hes 1 and Hes6 homodimers. T 0 determine if 

Hes1 suppression was the result of the inhibition of the interaction of Hes1 with Gro/TLE 

or the promotion of Hes1 proteolysis (or a combination of both), we have examined the 

effect of Hes6 on a chimeric protein in which Hes1 is constitutively bound to Gro/TLE. 

This fusion protein represses transcription in cortical progenitor cells like full-Iength Hes1, 

and its repressive ability should not be affected by conditions that would otherwise inhibit 
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Gro/TLE recruitment. Our investigations have revealed that Hes6 still has an inhibitory 

effect on Hesl~WRPW:Gro/TLE1, although this is weaker than its effect on Hes1. These 

fmdings thus suggest that the promotion of Hesl degradation plays an important role in the 

inhibitory effect of Hes6 on Hes I-mediated repression. In agreement with this possibility, we 

have found that Hes6~ WRPW, which does not promote a significant proteolysis of 

Hes1~WRPW:Gro/TLE1, does not have a negative effect on repression mediated by the 

latter. Together, these fmdings clarify mechanisms that underlie the ability of Hes6 to act as a 

negative regulator of Hes1 in cortical neural progenitor ceUs. 

Promotion of cortical neurogenesis by Hes6. 

To detennine if Hes6 is involved in the regulation of neuronal differentiation in the 

mammalian forebrain, we have examined the consequence of exogenous Hes6 expression in 

primary cultures of cortical neural progenitor ceUs. In our studies, Hes6 induced a decrease in 

the number of undifferentiated progenitor ceUs and an increase in the number of 

differentiated neurons arising from these progenitors, .showing that Hes6 promotes cortical 

neuronal differentiation. This effect is likely the result of the recruitment of supernumerary 

progenitors into the neuronal lineage. Because neural progenitor ceUs of the dorsal 

telencephalon express proneural pro teins like Ngnl and -2, our results are consistent with 

previous studies in Xenopus suggesting that Hes6 promo tes the neuronal differentiation of 

Ngn-expressing neural progenitor ceUs (19). Based on these results and our demonstration 

that Hes6 efficiently suppresses Hesl-mediated transcriptional repression in cortical 

progenitors, we propose that the inhibition of Hes1 activity is at least one of the mechanisms 

utilized by Hes6 to promo te neuronal differentiation. In possible agreement with this, we 

have found that the mutated protein Hes6(S183A) had an attenuated negative effect on the 
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stability of Hesl when compared to wildtype Hes6 and did not promo te neuronal 

differentiation. These observations suggest a correlation between reduced ability to promo te 

Hesl degradation and reduced Hes6 neurogenic activity. We found that Hes6(S183A) was 

able to cause a detectable decrease of Hes6 stability in 293A cells but failed to promo te the 

neuronal differentiation of cortical progenitors. This situation may reflect the fact that the 

observed residuallevels of Hesl may be sufficient to inhibit neuronal differentiation or that 

Hes6(S183A) may have a weaker effect on Hesl in neural progenitors compared to 293A 

cells. It is entirely possible, however, that additional mechanisms involving Ser183 may be 

important for the neurogenic activity of Hes6. Further elucidation of the mechanisms 

underlying Hes6 activity will darify important events regulating vertebrate neurogenesis. 
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FIGURES AND LEGENDS 

Figure 1. Promotion of cortical neurogenesis by Hes6. 

(A) Primary cultures of El3.5 mouse embryonic cortical neural progenitor cells were 

transfected with plasmids encoding either GFP alone (GFP) or a combination of GFP and 

Hes6 (Hes6). Forty-eight hours later, cells were ftxed and subjected to double-Iabelling 

analysis of the expression of GFP (left panels) or MAP2 (middle panels). The combined 

GFP and MAP2 staining is shown in the right panels. (B and C) Quantitation of the 

percentage of GFP-MAP2-double-positive cells (B) or of cells in similar double-Iabelling 

experiments conducted in parallel with antibodies against nestin (C). Results are shown as 

the mean ± S.D (n=5). *, P<O.Ol; **, P<O.OO1. 
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Figure 1: Promotion of cortical neurogenesis by Hes6 
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Figure 2. Interaction of Hes6 and Hesl with Gro/TLE. 

293A ceils were transfected with plasmids encoding the indicated GST fusion 

proteins. Ceil lysates were coilected and the fusion proteins isolated on glutathione-

Sepharose beads. The precipitated material (pull-Down) was subjected to SDS-PAGE (lanes 

5-8) on a 10% gel, together with one-tenth of each input lysate coilected prior to incubation 

with glutathione-Sepharose beads (lanes 1-4). This was foilowed by Western blotting (WB) 

with either antibodies (Ab.) that recognize ail Gro/TLE proteins (panTLE) (A) or anti-GST 

antibodies (B). Positions of size standards are indicated in kilodaltons. 

IIl,ut1yalimt + + + + . . * . 
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A 
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Figure 2: Interaction of Hes6 and Hest with Gro/TLE 
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Figure 3. Inhibition of the coimmunoprecipitation of Gro/TLE with Hesl by Hes6 
and Hes6L\WRPW. 

293A ceIls were transfected with plasmids encoding Hesl or HeslL\WRPW in the 

absence or presence of HA-Hes6 or HA-Hes6L\WRPW, as described in Materials and 

Methods. One-tenth of each ceIl lysate was subjected to SDS-PAGE (A-C) and the 

rernaining lysates were subjected to irnrnunoprecipitation (IP) with anti-FLAG antibodies (D 

and E). Sarnples were analyzed by Western blotting with anti-HA (A), anti-FLAG (B and D), 

or anti-Gro/TLE (C and E) antibodies. (D) The arrow points to the position of migration of 

Hes1. (E) The arrow points to the position of migration of Gro/TLE. The arrowhead 

indicates a non-specifie band. IgG H., irnrnunoglobulin G heavy chains. Positions of size 

standards are indicated in kilodaltons. 
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Figure 3: Inhibition of the coimmunoprecipitation of Gro/TLE with Hesl by Hes6 and 

Hes6AWRPW 
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Figure 4. Inhibition of the coimmunoprecipitation of Gro/TLE with Hesl by Hes6 
and Hes6AWRPW. 

293A cells were transfected with plasmids encoding the inrucated combinations of 

proteins, as described in Materials and Methods. Celllysates were collected and subjected to 

Western blotting (WB) with anti-GAL4bd (A) or anti-Gro/TLE (C) antiborues (Ab.), or 

immunoprecipitation (IP) with anti-FLAG antiborues followed by Western blotting with 

anti-FLAG (B) or anti-Gro/TLE (D) antiborues. The arrow in panel B points to the 

position of migration of Hes1. IgG H., immunoglobulin G heavy chains. Positions of size 

standards are inrucated in kilodaltons. 

FLAG-Hts.: 
GAL4bd-H86: 
GAL4bd-Hes6AWRPW: 
GAL4bd veetor: 

A 

8 

c 

D 

31 

116 
• 7 

H 

116 
97 

-+ -+ + + + 
d-
- ......... 

+ ------

-----
--

WB: CAUbel Ab. 

1ft: FLAG Ab. 
laC H. WB; FLAC Ab. 

-
WB: GroITLE Ab • 

IP: FLAC Ab. 
WB: GrolTLE Ab. 

..... ~Ig<iH. 

12345 

Figure 4: Inhibition of the coimmunoprecipitation of Gro/TLE with Hest by Hes6 and 
Hes6LlWRPW 
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Figure 5. Effect ofHes6 expression on Hesl stability. 

293A cells were transfected with either FLAG-Hesl or FLAG-HeslôWRPW (50 

ng/transfection), as indicated, in the absence Oanes 1 and 6) (HA vector) or presence of 

increasing amounts of HA-Hes6 or HA-Hes6ôWRPW (200 ng/transfection in lanes 2, 4, 7, 

and 9, or 600 ng/transfection in lanes 3, 5, 8, and 10). Celllysates were subjected to SDS-

PAGE on an 11% gel, followed by sequential Western blotting (WB) with either anti-FLAG 

(A), anti-HA (B), or anti-Gro/TLE (C) antibodies (Ab.). Positions of size standards are 

indicated in kilodaltons. 

FLAG-Itnl: ++++ + .. 
FLAG-HnlàWRPW: •• - -+++++ 
HA-Hes6: .......... - -- ......... 
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Figure 5: Effect of Hes6 expression on Hes1 stability 
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Figure 6. Analysis of Hes6 stability. 

(A-C) 293A cells were transfected with the indicated combinations of pro teins and 

then incubated in the absence or presence of MG132 as indicated, followed by celllysis and 

Western blotting (WB) analysis. The levels of both HA-Hes6 (panel A, lanes 2 and 3) and 

GAL4bd-Hes6 (panel B, lanes 2 and 3) were reduced in the presence of MG 132. In contrast, 

the levels of Hes6~ WRPW (panel A, lanes 4 and 5), GAL4bd-Hes6~ WRPW (panel B, lanes 

4 and 5), Hes1 (panel C, lanes 1 and 2), and Gro/TLE (panel C, lanes 3 and 4) were not 

affected. Ab., antibodies. (D and E) 293A cells were transfected with increasing amounts of 

HA-Hes6 expression plasmid (400 ng/transfection in lane 2 or 800 ng/transfection in lane 3) 

in the presence of a constant amount of Hes1 (50 ng/transfection), followed by Western 

blotting with either anti-FLAG (D) or anti-HA (E) antibodies. (F) Cells were transfected 

with HA-Hes6 expression plasmid at 200 (lane 1), 400 (lane 2), or 800 (lane 3) 

ng/transfection in the absence of Hes1, followed by Western blotting with anti-HA 

antibodies. Positions of size standards are indicated in kilodaltons. 
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Figure 6: Analysis of Hes6 stability 
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Figure 7. Inhibition of Hesl-mediated transcriptional repression by Hes6 and 
Hes6Ll WRPW. 

Primary cultures of neural progenitor cells isolated from the dorsal telencephalon of 

E13.5 mouse embryos were transfected with either the pFOX-ngn3p-Luc1 CA) or the 

pFOX-LlN-box-ngn3p-Luc1 (B) reporter construct, as indicated, in the absence or presence 

of Hesl or HeslLlWRPW:Gro/TLEl and the indicated amounts (per transfection) of either 

HA-Hes6 or HA-Hes6LlWRPW. The activity of the reporter gene in the absence of any 

expression plasmid was considered to be 100%. Luciferase activities were expressed as the 

mean ± S.D. of at least five independent experiments performed in duplicates. *, P<O.OOl; 

**, P<O.OOO1. 
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Figure 7: Inhibition of Hesl-mediated transcriptional repression by Hes6 and Hes6AWRPW 

68 



Figure 8. Effeet of Hes6 on the expression of HesMWRPW:Gro/TLEl. 

293A cells were transfected with plasmids encoding the indicated combinations of 

proteins, followed by preparation of ceillysates and Western blotting with either anti-FLAG 

(A), anti-GAL4bd (B), or anti-Gro/TLE (C) antibodies. Position of size standards are 

indicated in kilodaltons. 
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Figure 8: Effect of Hes6 on the expression of HestAWRPW:Gro/TLEl 
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Figure 9. Analysis of Hes6 phosphorylation. 

(A) Schematic representation of the domain structure of Hes6. Indicated are the 

bHLH domain, the Orange domain predicted to form helices 3 and 4, the PEST region 

containing the SPXSS-SDXE motif and its resident Ser183, and the WRPW tetrapeptide. 

Shown in detail are the sequences of the SPXSS-SDXE elements from mouse and human 

Hes6 (3) and Drosophila Enhancer of split mS, m7, and m8 (37). Invariant residues are 

indicate in boldface. (B) 293A cells were transfected with HA-Hes6 and celllysates were 

incubated in the absence or presence of calf intestinal phosphatase (CIP) , followed by 

Western blotting with anti-HA antibodies. (C and D) The indicated GST fusion proteins 

were purified and subjected to in vitro phosphorylation in the absence (lanes 1 and 3) or 

presence (lanes 2 and 4) of purified protein kinase CK2 (CK2), followed by autoradiography 

(D) and Western blotting (WB) with anti-GST antibodies (Ab.) (C). (E and F) The indicated 

GST fusion proteins were purified and subjected to in vitro phosphorylation in the presence 

of purified protein kinase CK2, followed by autoradiography (E) and Western blotting with 

anti-GST antibodies (F). Positions of size standards are indicated in kilodaltons in panel B 

andF. 
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Figure 9: Analysis of Hes6 phosphorylation 
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Figure 10. Effeets of S183A mutation on Hes6 funetions. 

(A and B) 293A cells were transfected with FLAG-Hes1 (50 ng/transfection) in the 

absence (lane 1) or presence of either HA-Hes6 (lane 2) or HA-Hes6(S183A) (lane 3) (600 

ng/transfection). Celllysates were subjected to SDS-PAGE, followed by Western blotting 

(WB) with either anti-FLAG (A) or anti-HA (B) antibodies (Ab.). Shown is a representative 

example of four separate experiments that gave the same results. Positions of size standards 

are indicated in kilodaltons. (C and D) E13.5 mouse embryonic cortical progenitor cells 

were transfected with plasmids encoding either GFP alone or a combmation of GFP and 

Hes6 or GFP and Hes6(S183A). Forty-eight hr 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-NeuN (C)- or GFP-Ki67 (D)-double-positive cells. 

Results are shown as the mean ± S.D (n=4) *, P<O.01. 

A FLAG-Hes. + + + 
HA.Hes6 • + • 
HA·Hes6«SUI3A) • • + 

.. ---
B 

)1_ --

• 2 3 

c 

WB:FLAGAb. 

WB: liA Ab. 

H'" Heo6(SII3A) 

D ! 
t • ... 
f • 
~ . 
~ 1. 
!ii • 

GFr 

Figure 10: Effects of S183A mutation on Hes6 functions 

* 

H ... Hett(SII3A) 

71 



SUMMARY AND CONCLUSIONS 

Summary and future directions 

The work presented in this thesis describes novel mechanisms that may underlie 

Hes6 function during the development of the mammalian nervous system. Our fllldings 

have shown that Hes6 is involved in the regulation of neuronal differentiation in the 

mammalian forebrain. Molecular and cellular investigations have identified two possible 

novel mechanisms by which Hes6 can antagonize Hes1 function. First, Hes6 induces a 

proteolysis of Hes1 that may inhibit the ability of Hes1 to bind DNA and repress 

transcription. This promotion of Hes1 degradation appears to play an important part in the 

inhibitory effect of Hes6 on Hes1-mediated transcriptional repression in cortical progenitor 

cells. The effect of Hes6 on Hes1 stability is maximal when both Hes1 and Hes6 contain the 

WRPW motif, suggesting that it is regulated by their ability to associate with Gro/TLE. In 

the future, it will be important to elucidate the molecular mechanisms that underlie these 

events. In particular, it will be interesting to perform structure/function studies to darify the 

reasons why Hes6 in an uns table protein and what proteolytic enzymes are involved in Hes6 

turn over. In addition, it will be important to understand why the ability to interact with 

Gro /TLE is correlated with a decreased stability of Hes 1 :Hes6 heterodimers. 

Our investigations have also revealed that a point mutation (S183A) in a consensus 

site for phosphorylation by protein kinase CK2 reduces the ability of Hes6 to promo te 

degradation of Hes1. Although it remains to be determined if Hes6 is phosphorylated in 

vivo by CK2, the in vitro phosphorylation of Hes6 by purified CK2 was reduced by the 

S183A mutation, showing that this residue is targeted by CK2 at least in vitro. In agreement 

with the possibility that S183 may play roles in Hes6 function, we have found that the ability 

of Hes6 to promote cortical neuronal differentiation is inhibited by mutation of S183 to a 

non-phosphorylatable residue. In the future, it will be important to detetmine whether or not 
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S183 is phosphorylated by CK2 in vivo and, if so, whether phosphorylation of this residue is 

important for the activity of Hes6 during in vivo cortical neurogenesis. 

Our studies have also proposed a second mechanism by which Hes6 may inhibit 

Hesl activity. This is the ability of Hes6 to interfere with the formation of complexes of 

Hesl and Gro/TLE. Because the interaction with Gro/TLE is important for the 

transcription repression functions of Hes 1, this effect of Hes6 may antagonize the 

transcriptional repression of Hesl target genes. This effect is not simply the result of a 

competition for Gro/TLE interaction between Hesl and Hes6 because the presence of the 

WRPW motif of Hes6 is not necessary. A possible hypothesis is that Hesl-Hes6 

heterodimers have reduced affinity for Gro/TLE caused by an improper folding of these 

proteins, thus not allowing proper alignment of WRPW motifs. This may be caused by 

specifie post-translational modifications such as the phosphorylation of Ser183 of Hes6. To 

test this hypothesis directly, it would be interesting to determine if the decreased stability of 

Hesl-Hes6 heterodimers is less dependent on the WRPW motif following mutation of 

Ser183 of Hes6. AIso, it may be interesting to observe the effect of swapping experiments in 

which the SPXSS-SDXE motif of Hes6 is introduced into the C-terminus of Hesl to 

determine if this affects the stability of Hesl dimers. 

Our studies have suggested that the ability of Hes6 to antagonize Hesl function 

depends on the formation of Hesl-Hes6 heterodimers. In possible agreement with this, in 

vitro and in vivo protein-protein interaction studies performed by Koyano-Nakagawa et al. 

(2000) suggested that Hes6 binds more robustly to Xenopus hairy proteins than to itself. 

Thus, it is possible that Hes6 might preferentially heterodimerize rather than homodimerize. 

A similar situation was observed between E12 and MyoD proteins. E12 contains a so-called 

inhibitory domain N-terminal to the bHLH domain, which is characterized by an acid patch, 

DEDEDD (Sun and Baltimore, 1991). Using a mechanism not-yet identified, this sequence 

73 



prevents the formation of E12 homodimers and does not affect the ability of E12 to 

heterodimerize or to bind DNA (Shirakata and Paterson, 1995). Additional residues in E12 

helix 1 are also involved in this inhibitory effect: two acidic residues (Glu580 and Glu 584) 

and a basic residue (Arg587). Conversely, MyoD contains three corresponding residues in 

helix 2, two basic (Arg142 and Arg146) and one acidic (Glu149), that have a role in opposing 

the E12 inhibitory domain thus allowing specificity in the formation of MyoD-E12 

heterodimers (Shirakata and Paterson, 1995). Thus, MyoD can overcome the E12 

dimerization inhibitory domain and form heterodimers with E12 through a mechanism 

involving, in part, charged amino acid residues in helix 2 (Shirakata and Paterson, 1995). 

Interestingly, Hes6 also contains an acidic patch (EDED) N-terminal to the basic atm of the 

bHLH domain, resembling the E12 inhibitory domain. It is therefore reasonable to 

hypothesize that this acidic patch could play a similar role to the E12 inhibitory domain and 

prevent the formation of Hes6 homodimers. Unlike MyoD, Hes1 does not contain 2 acidic 

residues in the helix 2 that would overcome the inhibitory domain. Other mechanisms 

would have to be invoked to explain Hes 1-Hes6 dimerization. In the future, it would be 

important to examine these possibilities by characterizing the functional significance of the 

acidic sequence of Hes6. 

Consistent with the possibility that Hes6 may preferentially heterodimerize, our 

results suggest that Hes6 antagonizes the ability of Hes1 to mediate transcriptional repression 

in cortical neural progenitor cells. Thus, by inhibiting Hes1, Hes6 may allow proneural 

proteins to perform their neurogenic function. In particular, Hes6 may also be able to 

suppress the passive transcriptional repression mediated by Hes1. This is because a 

proteolytic degradation of Hes1 would not only block its DNA-binding dependent functions 

but also functions that depend on protein-protein interactions. 
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Hes6 acts as a transcriptional repressor when targeted to DNA. 

Although our investigations and the studies of Koyano-Nakagawa et al. (2000) have 

suggested that Hes6 opposes Hesl activity and promotes neuronal differentiation through 

protein-protein interaction mechanisms, we cannot exclude the possibility that Hes6 may 

also utilize additional mechanisms that depend on DNA binding. As described previously in 

the literature review, Hes6 does not bind to the E or N box motifs recognized by other Hes 

proteins (Bae et al., 2000), but has the ability to bind to the ESE box in vitro (Cossins et ~l., 

2002). This raises the question of whether, if able to bind to DNA at least under certain 

conditions, Hes6 might be able to regulate gene expression. By doing so, Hes6 could be able 

to repress the expression of factors that promote the stability of Hes1. In particular, it is 

possible that Hes6 might act as a transcriptional repressor due to its ability to interact with 

the corepressor Gro/TLE. To examine this possibility, 1 performed studies that 

demonstrated that a) Hes6 can mediate transcriptionatrepression when targeted to DNA as a 

fusion protein with the DNA-binding protein GAL4, b) the ability of GAL4-Hes6 to repress 

transcription depends on the WRPW motif of Hes6, and c) Hes6 interacts with Gro/TLE in 

a WRPW motif-dependent manner (Fig. 11) (Gao et al., 2001). In spite of this, the ability of 

Hes6 to act as a transcriptional repressor does not seem to be relevant to neuronal 

development since the ectopie expression of a mutant Hes6 that lacks the C-terminal WRPW 

motifs is able to promote the formation of primary neurons in Xenopus embryos ((Koyano-

Nakagawa et al., 2000; Cossins et al., 2002), and to promote cortical neuronal differentiation 

(Gratton et al., 2003). These results suggest that Hes6 does not need to interact with 

Gro /TLE corepressors to promote neurogenesis. In addition, Cossins et al. (2002) reported 

that ectopic expression of a Hes6DBM in which the basic arm of the bHLH domain is 

mutated to prevent DNA binding, resulted in a promotion of primary neurogenesis (Cossins 

et al., 2002). However, it is not clear whether this Hes6DBM form entered the nucleus since 

75 



a mutation in the basic ann mayalso have reduced its nuclear translocation. T 0 elucidate the 

possibility that Hes6 acts as a transcriptional repressor in neuronal differentiation, a mutated 

form of Hes6 that does not bind to the ESE box but has the ability to translocate to the 

nucleus should be expressed in cortical progenitor cell cultures. In addition, it would be 

interesting to transfect into cortical progenitor cell cultures a chimeric prote in of Hes6 and 

the transcriptional activator VP16. If this Hes6-VP16 chimeric prote in still has the ability to 

promote neuronal differentiation this would suggest that transcriptional repression does not 

underlie Hes6 function in neuronal development. However, this would not discriminate 

between mechanisms in which Hes6 may act as a transcriptional activator or through 

prote in-prote in interactions. 

In conclusion, our results have provided new insight into Hes6 functions and have 

suggested future investigations that will help to further elucidate the involvement of Hes6 in 

the mechanisms regulating mammalian neurogenesis. 
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Figure 11. HES6 binds TLEI in mammalian cells. 

(a) C2C12 myoblasts were cotransfected with expression vectors for GST epitope

tagged ILE 1 and 6xHis epitope-tagged HES6. Cell extracts were precipitated with 

glutathione-Sepharose beads and analyzed by Western blotting using anti-GST (lanes 1-4) or 

anti-6xHis (lanes 5-8) antibodies. HES6, but not HES6-~, was coprecipitated with GST

ILE 1. The empty GST expression vector (lanes 1 and 5) and empty HES6 expression 

vector, pEBVHis (lanes 2 and 6), served as negative controls for the specificity of the 

interaction. (b) Mammalian two-hybrid assay. 293 cells were cotransfected with the 

p5xGAL4UAS-SV40-luc reporter and pcDNA3-GAL4bd, pcDNA 3-GAL4bd-HES6, 

pcDNA3-GAL4bd-HES6-à, or pILE1-VP16, alone or in combination, as indicated below 

the graph. Cells were collected 24 h after transfection and luciferase activity was assayed. 

Results are expressed as a percentage of expression relative to cells transfected with the 

reporter and empty vector alone. Means ± SD of three experiments are shown. (Figure 

reproduced From The Journal of Cell Biology, 2001, 154(6); 1161-1171. by copyright 

permission of The Rockefeller University Press.). 
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Figure 11: HES6 binds TLEI in mammalian ceUs 
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H ES6 is a novel member of the family of basic helix
loop-helix mammalian homologues of Drosophila 
Hairy and Enhancer of split. We have analyzed the 

biochemical and functional roles of HES6 in myoblasts. 
HES6 interacted with the corepressor transducin-like En
hancer of split 1 in yeast and mammalian cells through its 
WRPW COOH-terminal motif. HES6 repressed transcrip
tion from an N box-containing template and also when 
tethered to DNA through the GAL4 DNA binding domain. 
On N box-containing promoters, HES6 cooperated with 
HESl to achieve maximal repression. An HES6-VP16 acti
vation domain fusion protein activated the N box-contain
ing reporter, confirming that HES6 bound the N box in 

Introduction 
Cellular differentiation is comrolled by the activation or repres
sion of specifie target genes. The basic domain helix-Ioop-helix 
(hHLH)* tàmily of transcription factors has been shown to 
regulate several key developmemal pathways, including neu
rogenesis (Kageyama and Nakanishi, 1997) and myogenesis 
(Molkentin and Oison, 19%; Yun and Wold, 1996). The 
myogenic bHLH factors include MyoD, myogenin, Myf-S, 
;lnd MRF-4, and elegant genetic analyses have confirmed the 
cssential l'Ole of these factors during muscle development 
(Hast y et al., 1993; Nabeshima et al., 1993; Rudnicki et al., 
1993; Rawls et al., 1998). To activate transcription, the myo
g~nic bHLH factors must heterodimerize with the ubiquitous 
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()lIébec. Canada. Tel.: (514) 282-7155. Fax: (514) 842-5581. E-mail: 
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+ Abbreviarions useel in rhis paper: bHLH, hasic domain helix-loop
helix; DM, differenriarion medium; GM, growrh medium; GST, glu
t"rhione S-rransferase: MHC. myosin heavy (""in: MyoR. myogenic re
l'ressor; RT, reverse transcriptase: TLE, transdllcin-like Enhancer of split: 
TPR, rerrarricopepride repeat. 
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muscle cells. The expression of HES6 was induced when 
myoblasts fused to become differentiated myotubes. 
Constitutive expression of HES6 in myoblasts inhibited 
expression of MyoR, a repressor of myogenesis, and in
duced differentiation, as eviclenced by fusion into myo
tubes and expression of the muscle marker myosin heavy 
chain. Reciprocally, blocking endogenous HES6 function 
by using a WRPW-deleted dominant negative HES6 mutant 
led to increased expression of MyoR and completely 
blocked the muscle development program. Our results 
show that HES6 is an important regulator of myogenesis 
and suggest that MyoR is a target for HES6-dependent tran
scriptional repression. 

E pro teins E12, E47, or HEB (for review see Massari and 
Murre, 2000). The myogenic bHLHIE protein heterodimers 
then bind their cognate DNA recognition site, the E box, de
fined by the consensus CANNTG (Massari and Murre, 
2000). Several regulatory and structural muscle genes have 
been shown to contain functional E boxes within their pro
moter control regions (Weimraub et al., 1991; Schwarz et al., 
1992; Quong et al., 1993). 

Myogenic bHLH factors are cxpressed in proliferating, un
differentiated myoblasts, but they do not activate muscle dif
ferentiation until myoblasts exit the cell cycle. This suggests 
that inhibitors of the function of myogenic bHLH proteins 
are expressed in cycling myoblasts. Several such inhibitors 
have been described. The proro-oncogene c-] un inhibits 
myogenesis through direct protcin-protein interactions be
tween the proto-oncogene and MyoD (Bengal et al., 1992). 
The HLH protein Id is devoid of a basic DNA binding do
main (Benezra et al., 1990), sLlch that it forms inactive 
dimers with the ubiquitous E proteins, and prevents their 
interaction with the myogenic bHLH factors. Id expression 
is very rapidly downregulated within the first 24 h upon in
duction of myogenic differemiation, and forced expression 
of Id inhibits myogenesis Oen ct al., 1992). 

The Journal of Cell Biology, Volume 154. Number G. Scptember 17,2001 1161-1171 
Iittl':! /www.jcb.org/cgi/doi/l0.1083/jcb.2001040'iH 1161 
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The activity of the myogenic bHLH factors is also directly 
regulated through multiple mechanisms by other bHLH 
transcription factors, Twist inhibits myogenesis by blocking 
DNA binding by MyoD, by titrating E proteins, and by in
hibiting transactivation by MEF2 (Spicer et al., 1996). 
MistI is another bHLH factor afTecting the myogenic differ
entiation pro gram by a combination of mechanisms. Mistl 
homodimers can bind E box target sites and actively repress 
transcription (Lemercier et al., 1')')8). In addition, Mistl 
can also interact with MyoD ro Form inactive MyoD
Mist 1 heterodimers (Lemercier ct al., 1998). Although the 
MistI protein accumulates in myoblasts, its expression be
comes undetectable 24 h after induction of myogenesis 
(Lemercier et aL, 1997) in a manncr analogous to the Id ex
pression pattern Oen et al., 1992). 

Recently, a muscle-specific bHLH protein that antago
nizes the actions ofMyoD has been cloned (Lu et aL, 1999). 
This protein, myogenic repressor (MyoR), is abundantly ex
pressed in undifferentiated myoblasts in culture, but is 
downregulated during differentiarion. Low levels of tran
script are detected after 3 d of diftcrentiation regimen, but 
MyoR mRNA is undetectable by 'i d after induction of the 
myogenic program (Lu et al., 1')')')). MyoR is also specifi
cally expressed in the developing embryo in the skeletal mus
cle lineage berween embryonic day 10.5 (E10.5) and EI6.5, 
and its expression is inhibited thereafter during the period of 
secondaiT myogenesis (Lu et al., 1')99). MyoR forms het
erodimers with E proteins, but acts as a transcriptional re
pressor after binding to regulatory E boxes (Lu et al., 1999). 
Thus, MyoR appears as a lineage-restricted transcriptional 
repressor of myogenesis. 

Signaling through the transmembrane receptor Notch has 
also been shown ta prevent myogenesis in tissue culture 
(Shawber et al., 1996; NofZiger et al.. 1999; Wilson-Rawls et 
al., 1999), as weil as in Drosophilrl embryos (Anant et al., 
1')98). Upon ligand binding, the intracellular domain of the 
Notch receptar is cleaved and ti-ecd ta interact with the 
CBFlIKBF2/RBP-]k transcription factors (homologues of 
the Drosophila Suppressor of Hairless pro teins) (Tamura et 
al., 1995; Lu and Lux, 1996). The resulting complex acti
vates the expression of candidate target genes of the HES 
family (mammalian hairy and Enhr!ncer ofsplit homologues). 
Indeed, constitutively active mutant Notch can activate the 
HESI or HESS promoters through CBFl binding sites Oar
riault et al., 1998). The HES factors form homodimers that 
preferentially bind the sequence CACNAG, called an N box 
(Sasai et al., 1992; Tietze et al., 1')92), but show greatly re
duced aHinity tawards E boxes (Sasai et al., 1992). Sorne 
HES proteins can heterodimerize with the ubiquitous E pro
teins, but this interaction appears [() titrate the E proteins 
and produce inactive dimers (Sasai et al., 1992). The DNA
bound HES protein dimers repress transcription by recruit
ing transducin-like Enhancer of split (TLE) proteins, the 
mammalian homologues of the Drosophila Groucho gene 
product, to specific DNA sites (Chen and Courey, 2000). 
The interaction between HES proteins and TLE repressors is 
mediated by the WRPW motif at the extreme COOH-ter
minaI of the HES family member (Chen and Courey, 2000). 

Since members of the HES fàmily are transcriptional re
pressors, the net effect of activating Notch is ta repress gene 

transcnptlon (Artavanis-Tsakonas et al., 1995). Although 
the functional linkage berween Notch and HES family 
members has been demonstrated in the regulation of neu
ronal differentiation using genetic manipulations (Ohtsuka 
et al., 1999), this link remains hypothetical in the case of 
muscle differentiation. HES 1 has been reported to inhibit 
the activity of MyoD (Sasai ct al., 1992), and this has been 
proposed as a mechanism whereby Notch inhibits myogene
sis. However, more recent data have shown that Notch sig
naling inhibits myogenesis rhrough an HES1-independent 
pathway (Shawber et al., 1 ')'}6; Rusconi and Corbin, 1998; 
Nofziger et al., 1999; Wilson-Rawls et al., 1999). Moreover, 
activated forms of Notch do not upregulate the expression of 
HESI in muscle cells (Shawher et al., 1996). Thus, the role 
of HES proteins in myoblasrs remains to be determined. 

Recently, a novel HES fàmily member, HES6, was identi
fied (Bae et al., 2000; Koyano-Nakagawa et al., 2000; Pissara 
et al., 2000; Vasiliauskas and Stern, 2000). HES6 is charac
terized by a shorter loop rcgion within its helix-Ioop-helix 
domain, which prevents it h'om binding the N box (Bae et 
al., 2000; Koyano-Nakagawa et al., 2(00). HES6 was shown 
co antagonize HES1 and prevent it t'rom repressing transcrip
tion (Bae et al., 2000). By doing so, HES6 acted ta promote 
retinai cell differentiation in expIant cultures and Xenopus 
embryos (Bae et al., 2000; Koyano-Nakagawa et al., 2000). 
In contrast to HES 1, HES6 is expressed by both undifferen
tiated and differentiated ceUs. During mouse embryogenesis, 
HES6 expression can be measured from E8.5 onwards, and 
high levels of HES6 transcripts were detected in tissues 
where Notch affects cell fàte decisions, such as the nervous 
system, muscle, and thymus (Bae et al., 2000; Koyano-Naka
gawa et al., 2000; Pissara et al., 2000; Vasiliauskas and Stern, 
2000). During the muscle development program, HES6 was 
shown to be expressed during both myoblast commitment 
and differentiation, and is rhus the only HES gene expressed 
throughout myogenesis in rhe embryo (Pissara et al., 2000; 
Vasiliauskas and Stern, 2000). 

We examined the role of HES6 in myoblastic gene tran
scription and in the regulation of myoblast differentiation in 
culture. We report that HES6 binds TLE1 through its 
COOH-terminal WRPW retrapeptide ta repress transcrip
tion From N box-containing promoters in undifferemiated 
muscle cells. Interestingly, HES6 did not antagonize HES1 
in myoblasts but cooperatcd in an additive manner ta fur
ther repress transcription. Endogenous HES6 expression is 
induced during myogenesis in culture. and perturbing this 
pattern of expression affecrcd the differentiation of the cells. 
When HES6 expression was enforced in myoblasts, MyoR 
expression was downregularcd, and differentiation occurred 
even in the presence of high serum concentration. On the 
other hand, interfering with endogenous HES6 function by 
expressing a WRPW-deleted dominant negative HES6 mu
tant induced MyoR and inhibited myogenesis. Thus, al
though HES6 was seen ta promote myoblast differentiation 
as it was reported to promorc neurogenesis (Bae et al., 2000; 
Koyano-Nakagawa et al., 20(0), the mechanisms involved 
appear quite different and point to cell-specific actions of 
HES6 in muscle cells. Our rcsults implicare HES6 as a key 
regulator of the muscle devdopment program and suggest 
that MyoR is a downstream target of HES6. 
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Results 
We serendipitously cloned a partial murine HES-related 
cDNA in a yeast two-hybrid scrœn using a bait derived from 
a tetratricopeptide repeat (TPR) (Lamb et al., 1995) do
main-containing protein. The functional relevance of the 
HES prorein-TPR domain interaction remains unclear and 
has not been explored further. Database searches identified 
expressed sequence tags that allowed cloning of a nearly full
length cDNA. While this work was in progress, the first 
characterization of a nove! HES tàmily member, HES6, was 
published (Bae et al., 2000; Koyano-Nakagawa et al., 2000; 
Pissara et al., 2000; Vasiliauskas and Stern, 2000). Sequence 
comparison revealed that the clone that we isolared is identi
cal ta the published mouse HES6 cDNA but lacks the first 
16 amino acids. As described previously, HES6 contains the 
hallmark features of HES family members, including the 
Orange domain, a proline-rich region, the conserved proline 
residue within the basic region. the helix-Ioop-he!ix struc
ture, and the COOH-terminal WRPW motif (Bae et al., 
2000). A distinctive feature of HES6 is the shorter loop re
gion, which lacks four or five rcsidues when compared with 
other family members (Bae et al., 2000). The shorter loop 
prevents HES6 From binding the canonical HES DNA 
binding site, the N box (CACNAG) (Bae et al., 2000; Koy
ano-Nakagawa et al., 2000). 

The WRPW motif at the cxtreme COOH-rerminal of 
HES family members mediates interaction between HES 
proreins and TLE repressors, the mammalian homologues of 
the Drosophila Groucho gene product (Chen and Courey, 
2000). We tested whether HES6 interacts with TLEI using 
the yeast two-hybrid protein interaction assay. Western blot 
assays of extracts from yeast cells transfected with pAD-HES6 
(GAL4 activation domain fused ta HES6) or pAD-HES6-d 
(a deletion engineered ta removc the WRPW COOH-termi
nal peptide From the HES6 sequence) contlrmed that both 
fusion proteins are produced in yeast œUs (Fig. 1 a; pro reins 
migrating at "'32 kD). Yeasr ceUs that were cotransfected 
with pBD-TLEI (GAL4 DNA binding domain fused ta 

TLEl) and pAD-HES6 grew on selection plates lacking Leu, 
Trp, and His ta the same extent as cells transfected with the 
control plasmids, pBD-p53 and pAD-T (Fig. 1 dl. The abil
ity of the transformed cells ta grow on His - medium indi
cates that a transcriptionally competent GAL4 complex was 
reconstituted due ta the interaction between TLEI and 

Figure 1. HES6 interacts with HEl in yeast cells. Yeast two
hybrid protein interaction assay. (,1) Immunoblots of extracts From 
yeast cells transfected with pAD-IICS6 (W.t.) or pAD-HES6-~ (~) 
confirmed that both fusion proteim are produced in yeast cells. Left 
lane, molecular size markers in kiloDaltons. (1)) Bait and targe! 
plasmids used to cotransfect yeast. 110, binding domain of GAL4; 
AD, activation domain of GAL4. Th" positive controls, pBD-p53 
and pAO-T, were supplied with Str<ltagene's Hyl>riZAP kit. (c) 
Growth on Leu-, Trp- plates. (d) Crowth on Leu-, Trp-, and HiÇ 
plates. The ability of the transformc·rI cells ta grow on HiÇ medium 
indicates that a transcriptionally competent GAL4 complex was 
reconstituted due ta the interaction I>etween TLEl and HES6. Note 
that the interaction requires the WRI'W motif, as the HES6-Ll 
deletion mutant, deprived of this motif, did not interact with TLEl 
ta support growth on HiÇ plates. 
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Figure 2. HES6 binds HEl in mammalian cells. (a) C2C12 
myoblasts were cotransfected with exprc>ssion vectors for GST 
ppitope-tilgged TLE1 and 6xHis epitop"-Iagged HES6. Cell extracts 
wcre precipitated with glutathione-Seph,Hose beads and analyzed 
by Western blotting using anti-GST (1;1I1<'s 1-4) or anti-6xHis (Ianes 
5-8) ;mtibodies. HES6, but not HES6-~, W;lS coprecipitated with 
GST - TLE1. The empty GST expression vpctor (Ianes 1 and 5) and 
empty HES6 expression vector, pEBVHi, (/ilnes 2 and 6). served 
as negative contrais for the specificity of the interaction. (b) Mam
malian two-hybrid assay. 293 cells werp cotransfected with the 
p5xGAL4UAS-SV40-luc reporter and pcONA3-GAL4bd, pcONA 
.1-GAL4bd-HES6, pcONA3-GAL4bd-1-i ES6-t., or P TLE1-VP16, 
illone or in combination, as indicated hl'Iow the graph. Cells were 
collected 24 h after transfection and luciferase activity was assayed. 
Results are expressed as a percentage of expression relative ta cells 
transfected with the reporter and empty vpctor alone. Means ± 50 
of three experiments are shawn. 

HES6. The interaction was confirmed in a positive filter as
say for f3-galactosidase activity (unpublished results). In con
trast, ceUs cotransfected with pBD-TLEI and pAD-HES6-Ll, 
while growing on Leu-, Trp- media (Fig. 1 c), could not 
grow on His-plates (Fig. 1 d) and did not express l3-gal (un
published results). These results show that HES6 interacted 
with TLEI in yeast cells through the WRPW motif. 

To establish the physiological relevance of this interaction, 
we coprecipitated HES6 and TLE 1 fi'om transfected mam
malian cells. C2C 12 myoblasts wcre cotransfected with 
pGST-TLEl, a mammalian expression vector encoding a 
glutathione S-transferase (GST)-TLEI fusion protein, and 
mammalian expression vectors r(l\' GxHis epitope-tagged 

HES6 or HES6-Ll. Cell ex tracts were precipitated using glu
tathione-Sepharose beads :lIld probed with anti-GST or 
anti-6xHis antibodies. Cells cotransfected with the empty 
pGST vector and HES6 served as controls for the specific
ity of the coprecipitation. Immunoblotting of transfected 
cell extracts confirmed thar the epitope-tagged HES6 and 
HES6-Ll proteins were expressed at equivalent levels in 
transfected cells (unpublished results). GST and GST
TLEI were expressed at similar levels and efficienrly pulled 
down by the glutathione-Sepharose beads (Fig. 2 a, lanes 
1-4). Probing the precipitarcs with the anti-6xHis antibody 
revealed that the epitope-tagged HES6 was specifically co
precipitated with GST - TLEI (lane 8) and that the GST
TLEI-HES6 interaction required the WRPW sequence, 
since HES6-Ll was not coprecipitated with GST - TLEI 
(lane 7). The binding of HES6 ta GST - TLEI involved the 
TLEI moiety of the fusion protein, since expressing GST 
alone did not coprecipitate HES6 (Jane 5). 

We used a mammalian two-hybrid assay to confirm the 
coprecipitation results. HUll1an 293 cells were transienrly 
rransfected with a reporter construct containing the lucifer
ase gene under the control of the SV-40 promoter linked 
to five tandem GAL4 upsrream activation sequence sites 
(5xGAL4UAS). This modifled SV-40 promoter is basally ac
tive in mammalian cells (Grbavec et al., 1998). Cotransfection 
with a plasmid encoding the DNA binding domain of GAL4 
(GAL4bd) resulted in a roughly 2.5-fold activation of tran
scription above basallevel, as reported previously (Grbavec et 
al., 1999) (Fig. 2 b, compare lanes 1 and 2). In contrast, 
expression of a fusion protein of GAL4bd and HES6 
(GAL4bd-HES6) had no tr:msactivating effect; rather it re
sulted in a complete repression of GAL4bd-mediated activa
tion and an rv500/0 repression of basal transcription (Fig. 2 b, 
lane 4). This result shows that HES6 mediates transcriptional 
repression when targeted ta DNA (see also Fig. 4 below). Im
portantly, a fusion protein of GAL4bd and a truncated form 
of HES6 lacking the COOH-terminal WRPW (GAL4bd
HES6-Ll) motif was not able to repress basal transcription 
(Fig. 2 b, lane 6). GAL4bd-HES6 and GAL4bd-HES6-Ll 
were expressed at equallevels (unpublished results). These re
sults suggest that the WRPW motif of HES6 is involved in its 
transcription repression ability by recruiting TLE corepres
sors. To test this possibility. ceUs were cotransfected with a 
plasmid encoding a fusion protein ofTLEI and the potent ac
tivation domain of the herpes simplex virion protein VP16. 
This manipulation was shown to convert TLEI from a repres
sor to an activator (Wang cr al., 2000). The expression of 
TLEI-VPI6 had no significant effect on reporter gene ex
pression in the presence of CAL4bd alone (Fig. 2 b, lane 3). 
In contrast, TLEI-VPIG blocked the ability of GAL4bd
HES6 to repress basal transcription and partly reduced acti
vated transcription (Fig. 2 b, lane 5). This shows that TLE1-
VP16 was recruited to the promoter site by interaction with 
HESG. This interaction required the WRPW motif of HES6 
because TLEI-VPI6 had no significant effect on GAL4bd
HESG-Ll (Fig. 2 b, lane 7). Together, these findings show that 
HES6 interacts with TLE proteins via its WRPW do main in 
mammalian cells and that this interaction is important for the 
ability ofHES6 to mediate rr:mscriptional repression. 

The shorter loop region of the HES6 protein prevents it 
From binding N box-containing DNA (unpublished results) 



Figure 3. HES6 and HES6-D. localize to the nucleus in muscle 
cells. C2C12 myoblasts were transiently tr;lnsfected with epitope
Llgged HES6 and HES6-D. expression vectors and stained for 
illlmunofiuorescence detection using antibodies directed against 
Ihe epitope tag. Bar, 10 J.l.m. 

(Bae et al., 2000; Koyano-Nakagawa ct al., 2000). However, 
HESG was shown ta antagonize the HESI-mediated repres
sion of N box-containing promoters (Bae et al., 2000). We 
imempted ta determine the influence of the WRPW se
quence, and thus the binding of TLE factors, on N box
dependent transcriptional repression using expression vec
tors for HESG, HESG-à, and HESl. These experiments were 
performed in C2C12 myoblasts, which express TLE pro
reins (Grbavec et al., 1998). The HES6 and HES6-à pro
reins were expressed at similar levels and localized to the nu
cleus in transfected cells (Fig. 3). Surprisingly, in transiendy 
Lransfected C2C12 myoblasts, HESG suppressed transcrip
tion from reporter templates containing N boxes (Fig. 4 a). 
This dIect was specifie for the N box and required the 
WRPW COOH-terminal peptide, as HES6-à did not affect 
transcription from the N box-containing promoter (Fig. 4 
a). The level of inhibition achieved by transfecting HESG in 
myoblasts was similar to the inhibition observed when 
HES6 was tethered ta DNA through the GAL4 DNA bind
ing domain (Fig. 2 b, lane 4) and also to the level of inhibi
tion generated by the transfection of similar amounts of 
HESI in C2C12 cells (compare Fig. 4, a and c). We inter
pret these results to mean that in muscle cells, HES6 can 
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Figure 4. HE56 binds the N box to repress transcription and does 
not antagonize HE51 in myoblasts. Transient transfection of C2C12 
myoblasts with HES6, HES6-D., HESr,-VP16, and HES1 expression 
vectors, alone or in combination. (a) Transcriptional repression by 
HES6 in C2C12 cells. The control t('mplate (pActinLUC) did not 
contain N boxes, whereas the test tprnplate (p6NactinLUC) contained 
six copies of a canonical N box sequ('nce. Results are expressed as a 
percentage of expression relative to u,lls transfected with the reporter 
and empty vector alone. (b) The HES(,-VP16 activation domain 
fusion protein binds N boxes and ilclivates the N box-containing 
reporter. Joining the VP16 activatiol1 domain to HES6 transformed 
HES6 from a repressor into an activ.llor, ond HES6-VP16 activated 
transcription specifically from the N hox-containing promoter, 
whereas the full-Iength VP16 prot";1l had no effecL. Results are 

expressed as fold induction relativp 10 cells transfected with the 
reporter alone. Vector, empty exprpssion vector backbone. (c) HES6 
cooperates with HESl to maximally repress N box-dependent tran
scription in muscle cells. The reporter construct was p6NactinLUC. 
Results are expressed as a percentagc of expression relative to cells 
transfected with the reporter and el11l'ty vector alone. 

dimerize with a bHLH partner ta bind the N box, recruit 
TLE proteins, and repress transcription. To test this hypoth
esis, we engineered an HES6-VPIG fusion protein by join
ing the potent activation domain of the herpes simplex vir-
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Figure 5. Induction of HES6 mRNA expression du ring differentiation 
of C2C12 myoblasts. The cells were grown to confluence in growth 
medium then switched to low serum DM. RNA was extracted after 
0,3, and 7 d of differentiation and anillyzed by Northern blot assay 
using the HES6 cDNA. The membrane was then stripped and 
reprobed with the GAPDH cDNA to monitor for loading variations. 
Note the induction of HES6 expression during the differentiation of 
the C2C12 myoblasts into fused myotubps. 

Ion protein VP16 (amino acids 41 (,-490) in frame to the 
COOH end of HES6-1l. This manipulation transformed 
HES6 from a repressor into an activator, and HES6-VP16 
activated transcription specifically hom the N box-contain
ing promoter, whereas the full-Iength VP16 protein had no 
effect (Fig. 4 b). These results contlrm that HES6 binds ta 
N boxes in myoblasts. 

As reported previously in other cell types (Sasai et al., 
1992; Bae et al., 2000), HESI repressed transcription from 
the N box-containing reporter template in muscle cells (Fig. 
4 c). When cotransfected with HESI in myoblasts, HES6 
did not antagonize HESI-mediated repression, but led to 
additive inhibition (Fig. 4 c). This suggests that HES6-con-

figure 6. HES6 can modulate the 
myogenic differentiation program. 
St"ble pools of C2C12 myoblasts 
expressing HES6 (b, e, and hl, HES6-t. (c, 

f, and il, or the empty expression 
vector (a, d, and g) were induced to 
differentiate in DM (a, b, c) or maintain<,d 
in GM for 4 (d-f) or 7 (g-i) d postcon
fluency. Note the absence of fused 
myotubes in HES6-t.-expressing cells, 
('ven "fter 5 cl in DM (cl. At 4 d post
confluency in GM (d-f), HES6-expressing 
tells begin to differentiate (e). Differenti
,Ilion of HES6-expressing cells in GM is 
more eviclenl al 7 cl, where several 
myotubes stain positively for MHC (hl. 
Control (d and gl and H ES6-t.-express
ing cells (f and i) never differentiate and 
don'I stain for MHC (g and il in GM. 

taining heterodimers can cooperate with HESI dimers ta 
further inhibit transcriptioll From N box-concaining pro
moters in an additive manner. 

The distinct repressor acriviry of HES6 in undifferenti
ated myoblasts (Fig. 4), as compared with its HESI antago
nist activity in other cell rypes (Bae et al., 2000), prompted 
us to examine the expression pattern of HES6 during myo
blast differentiation and to investigate a putative role for 
HES6 in myogenesis. Fig. 5 shows that expression of the 
HES6 mRNA was induccd wh en confluent cultures of 
C2C12 myoblasts were swirched ta low serum differentia
tion medium (DM). Expression was maximal after 7 d in 
DM (lane 3), when differenriated, fused myotubes became 
apparent in the cultures (unpublished results). Low leve\s of 
HES6 transcripts were detecred in committed, undifferenti
ated myoblasts (lane 1). Wc lIsed gain-of-function and dom
inant negative strategies to de termine the role of HES6 in 
myogenic differentiation. Pools of stably transfected C2C12 
cells expressing HES6 or HES6-1l were isolated and cul
tured in high serum growth media (CM) or placed in DM, 
and their morphology and the expression of the muscle dif
ferentiation marker, myosin heavy chain (MHC), were ex
amined. Cells transfected with the empty expression vector 
behaved as the parental ceUs and served as contrais. Two in
dependent pools of HES6- and HES6-Il-expressing ce\ls 
were isolated and exhibited similar characteristics, but only 
one set of results is presenrt:d here. The expression of the 
epitope-tagged transgenes, HES6 and HES6-1l, was moni
tared by Western blot assay using the anti-6xHis antibody. 
The stable pools expressed comparable leve\s of HES6 and 
HES6-1l (unpublished resulrs). 

When placed in DM, control and HES6-expressing cells 
differentiated ta form fused myotubes (Fig. 6, a and b), and 
MHC pratein expression was readily detected after 3 and 5 
d in low serum (Fig. 7 a, bIles 2, 3, 5, and 6). In contrast, 
HES6-Il-expressing cells never fused in DM (Fig. 6 c) and 
the undifferentiated myoblasts did not express MHC (Fig. 7 
a, lanes 7-9). These observations suggest that HES6-1l acted 
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Figure 7. Expression of MHC in HES6 and HES6-Ll stable transfor
mants. Whole cell extracts were prepared from the cultures described 
in the legend to Fig. 6 and assayed for MHC expression using 
Western blotting. (a) Control (ctrl) cells expressing the empty 
pEBVHis vector, HES6, and HES6-Ll transfeued cells were placed 
in low serum DM for the indicated periocl of time. Note that 
HES6-Ll-expressing cells do not differentiate and do not express 
MHC. (b) The cells were maintained in GM for 4 d postconfluency. 
(c) The cells were kept in GM for 7 d after they reached confluence. 
Note that HES6-expressing cells differenti,lted and expressed MHC 
l'ven when maintained in GM. In each panel, equalloading of 
s,lInple wells was assessed by costaining with ,ln anti-TATA binding 
protein (TBP) antibody. 

as a dominant negative mutant ta block endogenous HES6 
function and prevent myogenesis. We also examined the be
havior of cultures maintained in GM at confluency. Control 
and HES6-A-expressing cells retained their single-ceU myo
blast morphology when maintained in CM for 4 d postcon
Huency (Fig. 6, d and f), whereas sorne HES6-expressing 
ecUs began ta fuse into myotubes under the same conditions 
(Fig. 6 el. MHC expression remained undetectable in aU 
cultures during this period (Fig. 7 b). After 7 d in GM at 
confluency, HES6-expressing ceUs differentiated into myo
tubes (Fig. 6 h) expressing MHC (Figs. 6 h and 7 c, lane 1). 
Control ceUs (Fig. 6 g) and ceUs expressing HES6-A (Fig. 6 
i) did not differentiate under the same conditions and did 
not mrn on the expression of MHC (Fig. 6, g and i, respec
tively, and Fig. 7 c, lane 2). Together, the data from the 
dominant negative mutant expression and gain-of-function 
expression demonstrate that HES6 is a key regulator of the 
myogenic differentiation program. 

Since HES6 acted as a transcription al repressor in myo
blasts, the induction of HES6 during C2C12 differentiation 
suggests chat HES6 must repress the expression of an inhibi
for of myogenesis in order for the muscle differentiation 
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Figure 8. MyoR is a putative downstream target of HES6. MyoR 
expression was monitored by RT-f'CR in confluent cultures of 
C2C12 cells expressing HES6, HES(,-Ll, or transfected with the 
empty expression vector (CTRL). LJ Ilder the conditions used, 
amplification was within the linear r,lIlge of the reaction and 
GAPDH-specific primers yielded equivalent amounts of amplimers. 
Note the reduced expression of Myol{ in HES6-expressing cells, and 
the dramatically increased expressioll in HES6-Ll-transfected cells. 

program to proceed. The kinetics of the induction of HES6 
closely paraUel the time-course of the downregulation of 
MyoR, which has recently been identified as such a repressor 
of myogenesis (Lu et al., 1999). The reciprocal expression 
patterns ofHES6 and MyoR suggest that MyoR could be an 
HES6 target. We tested whethl:r constitutive expression of 
HES6 or its dominant negative mutant HES6-A could 
modulate the expression pattern of MyoR in confluent cul
tures ofC2C12 myoblasts. MyoR expression and the expres
sion of the ubiquitous GAPDH gene were assessed using re
verse transcriptase (RT)-PCR under linear amplification 
conditions, aUowing accurate comparison of expression lev
els. MyoR expression was readily detectable in control cells 
(Fig. 8, lane 1). Constitutive expression of HES6 inhibited 
MyoR expression (lane 2), whereas blocking endogenous 
HES6 function with the HES6-Â mutant dramatically aug
mented MyoR mRNA levels (lane 3). These data provide 
strong circumstantial evidence that HES6 could regulate 
MyoR expression. 

Discussion 
We have shown that HES6 binds TLE fàmily members ta 

repress transcription from an N box-containing promoter in 
muscle ceUs, and that it can cooperare with HES 1 ta achieve 
maximal transcription al repression in these ceUs. These ob
servations contrast with previous findings showing that 
HES6 antagonized HES 1 repressor activity in fibroblasts 
and retinal expiant cultures (Bal: et al., 2000). The apparent 
muscle-specific repressor activity of HES6 prompred us ta 

study the role ofHES6 in myogenesis. Undifferentiated myo
blasts express minimal levels of HES6 mRNA, and HES6 
expression is induced in differemiated myotubes. Gain-of-
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function and dominant negative mutations in cultured myo
blasts revealed that HES6 is an important regulator of the 
muscle development program. 

HES6 and transcription 
Tethering HES6 to DNA by fusing it to the GAL4 DNA 
binding domain leads to transcriptional repression of 
GAL4 upstream activation sequcnce-containing reporter 
templates (Fig. 2 b). The repressioll required the WRPW 
retrapeptide at the COOH terminus ofHES6 and involved 
recruitment of the TLE1 corepressor. Can HES6 bind the 
canonical HES binding site, the N box, ta repress tran
scription? Recent work has shown that the length of the 
loop region of bHLH molecules is critical for DNA bind
ing activity and has identified a loop residue critical for 
DNA binding (Winston and Gorresfeld, 2000). Since the 
HES6 loop is 4 to S residues shorter than related family 
members, it was postulated and demonstrated that HES6 
dimers could not bind to an N box sequence (Bae et al., 
2000; Koyano-Nakagawa et al., 2(00). We have confirmed 
these results in electrophoretic mobiliry shift assays (un
published results). However, HES1-HES6 heterodimers 
were shown to bind DNA (Bae et al., 2000), demonstrat
ing that HES6 can heterodimerizc with other bHLH mole
cules to bind the N box. In fibroblasts and developing 
mouse retina, HES6 suppressed HES 1 from repressing 
transcription (Bae et al., 2000). The proposed mechanism 
was that the structure of the HES1-HES6 heterodimer 
do es not allow interaction with TLE corepressors, or that 
HES6 sequestered TLE molecules fi'om HES 1 (Bae et al., 
2000). The interaction of HES6 with TLE molecules was 
not examined in that study. We have shown that HES6 can 
bind TLE corepressors in yeast and mammalian cells, and 
that this binding requires the WRPW CO OH-terminal 
tetrapeptide. 

In myoblasts, HES6 did not antagonize HES1, and coex
pression of HES 1 and HES6 led to additive repressor activity 
(Fig. 4). This could be due ta a specific effect of the HES 1-
HES6 heterodimer in muscle cells, that could result from tis
sue-specific posttranslational modifications of one or both of 
the dimer panners. Alternatively, HES6 could dimerize with 
a muscle-specific bHLH panner to bind the N box, recruit 
TLE corepressors, and inhibit transcription. In this fashion, 
the HES6-containing heterodimcrs could cooperate with 
HES1 homodimers ta fully repress N box-dependent tran
scription. We favor this interpretation sin ce (a) we have ob
served that HES6 can repress transcription from N box-con
taining templates when transfected alone in myoblasts; (b) 
the HES6-VP16 activation domain fusion protein bound to 
N boxes to activate the N box-conraining reporter (Fig. 4). 
What molecule dimerizes with HES6 in muscle cells? We 
were not able to detect interaction between HES6 and E pro
teins in EMSAs or pull-down assays (unpublished results), 
suggesting that ubiquitous bHLH proteins are not the pan
ners involved in the repressor function of HES6 in myo
blasts. Other HES family members appear mostly expressed 
in neural tissue (Lobe, 1997), although HESS expression was 
detected in developing somites (BalTantes et al., 1999), sug
gesting that HESS could dimerizc with HES6 to repress 
transcription during muscle development. Recently, a new 

subclass ofbHLH proteins, HRTl-3, was characterized and 
shown to be expressed in the deve\oping heart and in the der
momyotome and sclerotomc (Nakagawa et al., 1999). Thus, 
these Hairy-related transcriprional regulators represent puta
tive dimerization partners tiH HES6 in developing muscle. It 
will prove interesting to dcrermine whether a posttransla
tionally modified HES1-HES6 dimer or a distinct HES6-
containing heterodimer mcdiate HES6-dependent repres
sion in differentiating muscle cells. 

HES6 and myogenesis 
Forcing constitutive HES6 expression in myoblasts induced 
myotube fusion and expression of the muscle differentiation 
marker MHC (Figs. 6 and 7), even in cultures maintained in 
high serum concentration, where fusion is normally in
hibited. Reciprocally, blocking the acrivity of endogenous 
HES6 by expressing a dominant negative mutant form of 
HES6 that lacks the corcpressor-recruiting WRPW tet
rapeptide inhibited differenriation when confluent cultures 
were placed in low serum media. These results show that 
HES6 plays an essential role during myoblast differentiation 
in culture. Is HES6 regulating myogenesis in vivo? A recent 
study describing the pattern of expression ofHES6 in mouse 
embryos shows that HES6 is expressed during both myo
blast commitment and diHt:rentiation, supporting a role for 
HES6 in the regulation of the muscle development program 
(Pissara et al., 2000; Vasiliauskas and Stern, 2000). We have 
also detected HES6 expression in adult muscle using North
ern blot hybridization (unpublished results). The engineer
ing of tissue-specific HES6 mouse mutants will help to for
mally prove the role of HES6 during muscle development. 

Myogenic bHLH tàctors are expressed in proliferating, 
undifferentiated myoblasts, but they do not activate muscle 
ditferentiation until myoblasts exit the cell cycle. This sug
gests that inhibitors of the function of myogenic bHLH pro
teins are expressed in cycling myoblasts. Several such inhibi
tors have been identified, including c-Jun (Bengal et al., 
1992), Id Qen et al., 1992), Twist (Spicer et al., 1996), 
Mist-1 (Lemercier et al., 1991\), and MyoR (Lu et al., 1999). 
Since HES6 acts as a transcriptional repressor in myoblasts, 
the induction of HES6 during C2C12 differentiation sug
gests that HES6 must repress the expression of an inhibitor 
of myogenesis in order for myotube differentiation to pro
ceed. Amongst the various inhibitors of myogenesis listed 
above, MyoR appears likc the best candidate target for 
HES6-mediated repression. Indeed, the kinetics of the 
downregulation ofId and Mistl expression during myotube 
differentiation do not match the time-course of HES6 in
duction Qen et al., 1992; Lemercier et al., 1998), whereas 
Twist is not expressed in growing myoblasts (Hebrok et al., 
1994). Finally, these genes are strongly expressed in tissues 
showing high levels of HES6 transcripts postnatally (unpub
lished results), arguing against an inhibitory role ofHES6 in 
the control of their expression. On the contrary, the kinetics 
of the induction of HES6 c10sely parallel the rime-course of 
MyoR downregulation, suggesting that MyoR could be a 
downstream target of HES6. Indeed, modulating HES6 ex
pression in myoblasts via gJin-of-function or dominant neg
ative mutations atfected MyoR expression, strongly support
ing a role for HES6 in the transcriptional control of MyoR 



expression. The analysis of the MyoR promoter region could 
identity N boxes or other response elements through which 
HESG-containing dimers could regulate MyoR transcription 
in muscle cells. 

To properly regulate cell fate choin: and ensure normal 
organogenesis, several signaling pathways have been shown 
(0 inhibit skeletal myoblast differenriation by interfering 
with the expression or activity of myogenic bHLH proteins. 
Signaling through Notch inhibits myogenesis through an 
HES-1-independent pathway in tissue culture (Shawber et 
al., 1)'%; Rusconi and Corbin, 1)')'8; NofZiger et al., 1999; 
Wilson-Rawls et al., 1999). Preliminary results using North
cm blot analysis of RNA extracred [j'om parental C2C12 
cells and from C2C 12 myoblasts transfccted with constÎtu
rively active fOl'ms of Notch (NofZiger et al., 1 )'9)') show 
lhat activared Notch inhibited the induction of HESG in 
myoblasts cultured in differentiation medium (G. Weinmas
ter and R. St-Arnaud, personal communication). Similarly, 
co culture of C2C12 cells with L cells expressing the Notch 
ligand J agged 1 (Lindsell et al., 19)'5) revealed that ligand ac
tivation of Notch inhibired HESG induction (G. Weinmas
rer and R. St-Arnaud, personal communication). Although 
ir will be important ta confirm that this inhibition is not due 
ro a general block in the myogenic program induced by 
Notch signaling, these results suggest that HESG could rep
n:senr a key target in Notch signaling during myogenesis. 

Although the proposed mechanisms are significantly dif
(~rent, our results do support a raie ft)!· HES6 in pramoting 
instead of inhibiting differentiation, as was reported for neu
rogenesis (Bae et al., 2000; Koyano-Nakagawa et al., 2000). 
It will praye interesting ta identity the parrners, targets, and/ 
or posttranslational modifications involved in the muscle
specific functions of HES6. 

Materials and methods 
C10ning of the HES6 cDNA and expression vectors 
A 1);Jrtiol mouse HES6 cDNA W;JS isolated se«'!)dipitously in d yeast two
Ilybrid sereen (see Results). Sequence comparis()!) analysis identified over
Idpping expressed sequence tags that allowed cloning of a nearly lull-
1"'l1gth cDNA using PCR. The HES6 cDNA, Idcking the lirst 16 amino 
,I<ids, was then subcloned into ;J yeast two-hyllfid dssay vector (pGAD
<'1'1; CLONTECH Ldboratories, Inc.) or malllillalian expression vectors 
(pEBVHis and pcDNA4fTO/myc-His; Invitrogel1) lIsing conventional meth
odnlogy. The HES6-Ll mutant (iacking the c()()H-terminal WRPW tet
r,)peptide) was engineered by PCR using the wild-type cDNA as template 
,md subcloned into the same expression wetors. Plasmids pcDNA3-
(~AL4bd-HES6 and pcDNA3-GAL4bd-HES6-Ll were obtained by sub
el()ning the appropriate PCR products into tll(' fi lied-in BamHI site of 
IH:DNA3-GAL4bd. The HES6-VP16 activation domain fusion protein was 
téngineered by subcloning the PCR-amplilied Vf'16 domain (amino acids 
41 (,-4'JO) in Irame downstream Irom HES6-Â il1 the pcDNA4fTO/myc-His 
wctm. Construet pTLE1-VP16 has been descrillé'd previously (Wang et al., 
2()DD) <md was provicled by Dr. D.K. G',lIlll,'r (Vanderbilt University 
:,chool of Medicine, Nashville, TN) 

Yeast two-hybrid protein interaction assay 
Y ... dst cells were cotranslected with pGBT9-TL[ 1 (pBD-TLE1) (Grbavec 
,lI1d Stilani, 1 ')96) and pGAD-GH-HES6 (l'AD-HES6) or pGAD-GH
IIE56-Ll (pAD-HES6-Ll) following a protocol d"rived from the HybriZAP 
lwo-hybrid instruction manual (Stratagene). Positive interaction was scored 
iJdsed on growth on media lacking tryptophan, Ipucine, and histidine, sup-
1'1.,mented with 20 mM 3-aminotriazole, and by testing lor expression 01 
lhe lacZ reporter gene as recommended (Stratagene). Western blot assays 
to confirm expression of the fusion proteins in y,'ost were performed using 
sl"'Hlard protocols (Ausubel et al., 1993). 
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Coprecipitation assay 
C2C12 myoblasts (Blau et al., 1985) were grown ta 50-60% conlluency in 
laa-mm tissue culture dishes and tr,lIlsfected lIsing the GenePORTER 
transfection reagent (Gene Therapy Systems) according to the manufac
turer's protocol. Cells were cotransleewd with 3.0 ""g of either pEBVHis
HES6, pEBVHis-HES6-Ll, or the empty 1 ,EBVHis vector (Invitrogen), together 
with 3.0 ""g of pEBG-GST-TLEl (MeLrrren et al, 2000) or pEBG-GST (Mi
zushima and Nagata, 1990). Cells werr' collected 24 h posttransfection, re
suspended in homogenization bulfer (25 mM Tris-Hel, pH 7.8, 200 mM 
NaCI, 0.5% Triton X-l 00), homogeniz('d, and centriluged (2 min at 6000 
rpm). The cell extract supernatant was recovered and incubated with glu
tathione-Sepharose beads overnight at 4"C with gentle agitation. The beads 
were then collected by centrilugation, washed four times in homogeniza
tion bulfer, and finally resuspended in "ilS-PAGE bufler. 

Immunoblotting 
Alter electrophoresis, proteins were tr,lnsferred ta nitrocellulose mem
branes and l'rober! by Western blotting using standarr! protocols (Ausubel 
et al., 1993). Detection was perforllH'd using the ECL Western blotting 
detection system (Amersham Pharmacid Biotech). Primary antibodies in
cluded anti-GST (1 :3,000 dilution; Aillersham Pharmacia Biotech), anti-
6xHis (1 :2,500 dilution; CedarLane LdJOratories), anti-TBP (1 :1,000 dilu
tion; Upstate Biotechnology), and the MF20 anti-MHC hybridoma (1 :500 
dilution) (Bader et al, 1982). HRP-coillugated secondary antibodies (Santa 
Cruz Biotechnology, Inc.) were used at a 1 :20,000 dilution. 

Transient transfection assays 
Human 293 cells were transiently transfected using the SuperFect reagent 
(QIAGEN) according to the manufact<ll'er's instructions. Transfections in
cluded 1.0 ""g 01 the luciferase reportel "Iasmid p5xGAL4UAS-SV-40-luc 
(Grbavec et al., 1998) and 1.0 ""g ed' Il 01 pcDNA3-GAL4bd, pcDNA3-
GAL4bd-HES6, pcDNA3-GAL4bd-HEsr,-Ll, or pTLE1-VP16 (Wang et al, 
2000) alone or in combination. Total ,l!lmunt of DNA was normalized at 3.0 
""8 by adr!ition of the empty pcDNA3 V<'ctor (lnvitrogen) and included 0.25 
""g 01 pCMV-f3-galactosidase plasmid 1 )NA to provide a means of normaliz
ing the assays for transfection efficiency. Cells were collected 24 h after 
transfection. C2C12 myoblasts were wown in 6-well plates and transfected 
using 15 ""lof GenePORTER reag,'nt, 0.3 ""g 01 reporter construct 
(p6NactinLUC or pActinLUC) (Sasai pt .II., 1992), 0.3-1.6 ""g of pRdCMV
HESl (Grbavec and Stifani, 1996), l'CflVHis-HES6, or pEBVHis-HES6-Ll, 
alone or in combination, and 50 pg of lh,' internai control reporter, pcmvRL 
(Promega). The total amount 01 DNA tr;lI1sfected was standardized 10 3.0 ""g 
by addition of empty pEBVHis vector. Cells were harvested 48 h posttrans
fection and luciferase activity was assay"d using the Dual Luciferase assay 
kit (Promega) in a Monolight 2010 (AIl"lytieal Luminescence Laboratory). 
The data Irom multiple experiments W"r<' l'0oled and the mean :!: SEM were 
calculated. The final results are expres5('d as a percentage 01 expression rela
tive to cells transfected with the reporlr'r ,md empty vector alone. Transfec
tions with the HES6-VP16 fusion protei" were perforrned using 8.0 ""lof Fu
GENE 6 reagent as per the manulactu,,',.'s recommended procedure (Roche 
Diagnostics). Total DNA was standard,/,'d ta 2.0 ""g anrl eomprised 0.5 ng 
of pcmvRL internai control reporter (prolllega), 0.2 ""g of reporter construct 
(p6NaetinLUC or pActinLUC) (Sasai et ,ri., 1992), and 1.5 ""g of empty vec
tor (pcDNA4fTO/myc-His), HES6-VPl r" or pMSVP16, a mammalian expres
sion vector for the lull length VP16 protf'in (Triezenberg et al., 1988). At the 
time of transfection, cells were switched tn medium containing 2% horse se
rum and harvested 24 h later. Lucifera,,, <,ctivity was Illeasured as described 
above and results are expressed as medll fold induction:!: SEM 01 three ex
periments perlormed in duplicales. 

Immunocytochemistry 
C2C12 cells were plated at 1.2 X 10' cells per 35-mm plate on gelatin
coated coyer slips and translected as dt'scribed above with pcDNA4-HES6 
or pcDNA4-HES6-Ll. The cells were ,.",sed in PBS, fixed in 4% parafor
maldehyde, and perrneabilized with O.L% Triton X-l00. After blocking 
with 1 % BSA and 10% normal goat 5('rum, the cells were incubated wilh 
an anti-myc epitope antibody (Santa Cruz Biotechnology, Inc.; 1 :200 dilu
tion), rinsed, then treated with the sec()lldary rhodamine-conjugated anti
mouse IgG antibody Uackson Immunol\esearch Laboratories) at 1 :200 in 
PBS containing 1 % BSA. After waslws, the coverslips were mounted in 
Vectashield (Vector Laboratories) and the cells visualized on a Leica mi
croscope at 200X. 

RNA expression analysis 
Total RNA was isolated using the RN,',rsy miniprep kit (QIAGEN). Probes 
used were a mouse GAPDH cDNA frdgment (Piechaczyk et al., 1984) for 
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dssessing loading and a 1.2-kb HES6 fragment (bHLH domain to 3'-UTR). 
Northern hybridization was performed ilS ppr Amersham Pharmacia Bio
tpch's Rdpirl-hyb instruction mdnual. For "T-PCR, first-strdnd cDNA syn
thesis was performed with SuperScript Il ,,'verse transcriptase (Canadian 
Life Technologies) followed by PCR amplifiLltion with 2 "LI of the RT reac
tion, 0.1 J..LCi of 12 P-dCTP, ilnd MyoR- or CAPDH-specific primers (se
quences available on request). After a 2 min denaturation at 99°C, PCR 
conditions were set as follows: 94°C for 1 min, 60°C for 30 s, and 72°C for 
1 min, for 23 cycles. Amplimers were sPpdl'ated on 6% polyacrylamide 
gels and exposed to film. Control reactions lIsing 21 or 25 cycles (unpub
lished results) confirmed that amplification (Ji I>oth the CAPDH and MyoR 
fragments was within the linear range of tll<' l'eaction, allowing semiquanti
Idtive comparison of expression levels from Ihe RT-PCR data. 

Myogenic conversion assay 
C2CI2 myoblasts were transfected as described above with 1 J..Lg of 
pEBVHis, pEBVHis-HES6, or pEBVHis-HES6-Ll. Stable transfectants were 
isolated by pooling hygromycin-resistant cell colonies. Cells were main
tained in CM (DME supplemented with 1 O'y" fetal bovine serum) until they 

rcached confluency, then switched to DM (lJME with 2'X, horse serum) to 
induce myotube fusion. In one experiment, confluent cultures were main
tained in CM for up to 7 d. MHC expression was detected by Western 
blotting as described above or by direct .stdining of lixed cells. In briel, 
cells were rinsed in PBS, fixed in 3% pardformaldehyde in PBS for 40 min 
at room temperature, then blocked with S'X. goat serum in PBS for 1 h. The 
"Incking solution was removed, and the li",cI Cf'lIs were incubated lor 1 h 
with the MF20 antibody (Bader et al., 1 'mL) dl 1 :500 dilution in PBS. Alter 

rinsing the prirnary antibocly, the HRP-( ()njugated seconclary antibocly 
(1:10,000) was aclclecl for 1 h. Excess antil)()(ly was washecl away with PBS, 
and immunoreactive cells were stained with the VectaStain Elite ABC kit 
(Vector Laboratories) lor 30 min. 
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Hesl is a mammalian basic helix-loop-helix transcriptional repressor that inhibits neuronal dUferentlatlon 
together with corepressors of the Groucho (Gro)ffransducin-Iike Enhancer of split (TLE) family. The inter
action of Hes! with Gro!fLE is mediated bya WRPW tetrapeptide present in ail Hairy/Enhancer of split (Hes) 
famUy members. In contrast to Hes!, the related protein Hes6 promotes neuronal ditferentiation. Uttle is 
known about the molecular mechanisms lhat underlie the neurogenic activity of Hes6. It is shown here that 
Hes6 antagonizes Hes! function by two mechanisms. Hes6 inhibits the interaction of Hes! with its transcrip
tional corepressor Gro!fLE. Moreover, it promotes proteolytic degradation of Hes!. This etfect is maximal 
when both Hesl and Hes6 contain the WRPW motif and is reduced when Hes6 is mutated to eliminate a 
conserved site (Serl83) that can be phosphorylated by protein kinase CIa. Consistent with these findings, 
Hes6 inhibits Hes!-mediated transcriptional repression in cortical neural progenltor cells and promotes the 
ditferentiation of cortical neurons, a process that is normally inhibited by Hes!. Mutation of Serl83 impairs 
the neurogenic ability of Hes6. Taken together, these findings clarify the molecular events underlying the 
neurogenic function of Hes6 and suggest that this factor can antagonize Hes! activity by multiple mechanisms. 

In the developing mammalian central nervous system 
(CNS), ditIerentiated neuronal and glial cells derive from mul
tipotent neural progenitor cells located in the proliferative 
zone of the neural tube. The commitment of these progenitor 
cells to the neuronal Iineage is regulated by the antagonistic 
activities of a number of positively and negatively acting tran
scription factors containing the basic helix-Ioop-helix (bHLH) 
DNA-binding and dimerization motif (reviewed in references 
2 and 18). Neurogenic bHLH factors inc1ude several evolution
arily conserved molecules related to the proneural proteins 
Atonal and Achaete-Scute of Drosophila (8, 13, 21). They func
tion by forming heterodimers with the ubiquitous bHLH pro
tein E47. These dimers bind to DNA sequences commonly 
referred to as E boxes (CANNTG) and transactivate the ex
pression of genes that promote the acquisition of the neuronal 
fate (17, 32). 

Antineurogenic bHLH factors inc1ude members of the 
Hairy/Enhancer of split (Hes) family (1, 26, 32). In contrast to 
proneural proteins, Hes factors Iike Hesl and Hes5 mediate 
transcriptional repression and bind preferentially to DNA se
quences referred to as N boxes (CACNAG) (32). They are 
thought to inhibit neuronal ditIerentiation by antagonizing the 
neurogenic activity of the proneural proteins via multiple 
mechanisms, inc1uding direct involvement in the negative reg
ulation of proneural gene expression (4, 20) and inhibition of 
the activity of E47-proneural protein heterodimers (1, 3, 32). 
Genetic perturbations that alter the normal balance of the 
activities of proneural and antineurogenic bHLH proteins have 
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dramatic etIects on CNS development in vivo, underscoring the 
importance of understanding how the functions of these fac
tors are normally regulated (8, 16, 26, 36). 

The Hes} gene is initially expressed in proliferating neural 
progenitor cells and becomes down-regulated during the pro
genitor-to-neuron transition (32). Persistent expression of 
Hes} inhibits neuronal development, whereas disruption of 
Hes} function results in the premature ditIerentiation of neu
ronal cells and the up-regulation of proneural genes (15, 16, 
36). These observations indicate that Hes1 acts in neural pro
genitor cells to control the timing of neuronal ditIerentiation. 
Molecular mechanisms that contribute to the positive or neg
ative regulation of Hesl activity in neural progenitor cells are 
beginning to be elucidated. In particular, studies with both 
invertebrate and vertebrate species show that antineurogenic 
Hes proteins are coexpressed, and directly interact, with gen
eral transcriptional corepressors of the Grouchoffransducin
like Enhancer of split (GrofTLE) family (7, 12, 24, 25, 29, 34, 
40). This interaction is mediated by a WRPW tetrapeptide 
motif present at the carboxy termini of ail Hes proteins (7, 11, 
24). Mutations that disrupt the Hes-GrorrLE interactions im
pair the ability of Hes proteins to mediate transcriptional re
pression (7, 24, 29). Moreover, Hesl activates phosphorylation 
mechanisms that promote the transcription repression func
tion of GrorrLE (25). Together, these observations identify 
GrofTLE proteins as positive regulators of Hes activity and 
suggest that Hesl acts by recruiting hyperphosphorylated Grol 
TLE to specific DNA sites where the latter mediate transcrip
tional repression (25). 

Another protein that has recently been implicated in the 
regulation of Hesl activity is the related Hes family member 
Hes6 (3, 19). The Hes6 gene is expressed throughout the de
veloping CNS, where it is found in both unditIerentiated neural 
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progenitors and differentiated neurons (3, 19, 30, 38). In con
trast to Hes1, Hes6 acts as a positive regulator of neuronal 
differentiation in both murine retinal explants and Xenopus 
embryos (3, 19). Although little is known about the molecular 
mechanisms underlying the neurogenic ability of Hes6, a num
ber of observations suggest that Hes6 may promote neurogen
esis by antagonizing the function of Hesl. Studies with trans
fected nonneural cells show that Hes6 can heterodimerize with 
Hes1 and can inhibit the ability of Hes1 to both repress tran
scription from promoters containing N box sequences and sup
press the activity of E47-proneural protein heterodimers (3). 
In addition, Hes6 does not require an in trin sic DNA-binding 
ability to promote neurogenesis, because mutation of the basic 
arm of its bHLH domain does not abolish its neurogenic ability 
in vivo (19). Together, these observations suggest that Hes6 
may promote neuronal differentiation via DNA-binding-inde
pendent events that involve a negative regulation of Hesl 
function in the CNS. Virtually nothing is known, however, 
about the molecular mechanisms underlying this inhibitory 
effect. 

Here we describe experiments showing that Hes6 negatively 
regulates Hesl activity by at least two mechanisms. Hes6 in
hibits the interaction of Hes1 with GromE. In addition, it 
promotes proteolytic degradation of Hesl. This effect is max
imal when both Hes1 and Hes6 contain the WRPW motif, and 
it is reduced by a point mutation (S183A) that removes a 
consensus site for phosphorylation by protein kinase CK2. In 
agreement with these findings, Hes6 inhibits Hesl-mediated 
transcriptional repression in cortical neural progenitor cells 
and promotes their neuronal differentiation. Moreover, the 
S183A mutation attenuates Hes6 phosphorylation by protein 
kinase CK2 and impairs the ability of Hes6 to promote neu
ronal differentiation. Taken together, these findings identify 
novel mechanisms through which Hes6 may act as a negative 
regulator of Hes1 activity and a positive regulator of neuronal 
differentiation. 

MATERIALS AND METHODS 

P1asmlds. PCR was used 10 amplify Ihe sequences encoding full-Ienglh Hes6 
(oligonucleotide primers Hes6-1 [5'-GACCATGGCfCCGTCCCA) and Hes6-2 
[S' -TCACCAAGGCCI'CCACACACI'C)) or Hes6.1 WRPW (oligonucleotide 
primers Hes6-1 and Hes6-3 [5'-TCACACACI'CI'GAGCCCGGCGAGC)) with 
the full-Iength Hes6 cDNA Image clone W66929 as the template (S). The se
quence encoding a truncated form of Hes6 lacking the first 13 amino acids 
[Hes6(14-224») was also amplified by PCR (oligonucleotide primers Hes6-4 
[S'-TCAGGAGGATGAGGACCGCI'GGGAA) and Hes6-2); Hes6 and 
Hes6(14-224) behaved equally in our sludies. PCR products were subcloned into 
the pcDNAJ-GAlAbd vector digested with BamHI (followed by filling in with 
K1enow DNA polymerase) or into the pCMV2-HA plasmid digested with 
EcoRV or 5maI. The pCMV2-HA-Hes6(S183A) plasmid was obtained by first 
generating the sequence encoding the indicated point mutation by using a PCR
based strategy (the mutated oligonucleotide primers were Hes6-SF [5' -GACCI' 
GTGTGGrGACGrAGAGGAGAT) and Hes6-5R [5'-TGrAGGTCAGCACA 
CAGGTCGT), followed by subcloning into pBluescript plasmid and DNA 
sequencing. The verified mutant sequence was then subcloned into pCMV2-HA
Hes6 digested with 5mal, replacing the wild-type sequence. Constructs for the 
bacterial expression of fusion proteins of g1utathione S-transferase (GS1) and 
Hes6 or Hes6(S183A) were obtained by digesting pCMV2-HA-Hes6 or pCMV2-
HA-Hes6(S183A) with BgnI and BamHl, followed by subcloning into pGEXl 
digested with BamHI. The pGEXl-Hesl ONA has been described previously 
(23). Constructs pEBG-Hes6 and pEBG-Hes6.1 WRPW were generated by di
gesting pcDNAJ-GAlAbd-Hes6 or pcDNAJ-GAlAbd-Hes6.1WRPW, respec
tively, with Eco RI, followed by filling in with K1enow DNA polymerase and 
subcloning into the filled-in Cial site of pEBG to generate plasmids for the 
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expression of fusion proteins of GST and Hes6 or Hes6.1 WRPW in mammalian 
cells. Plasmid pCMV2-FLAG-Hes14WRPW:GrofILEl was generated by first 
subcloning the region encoding Hes1.1WRPW (obtained by PCR amplification 
with primers Hest-1 [S'-AATGCCAGCI'GATATAATGGAG) and Hesl-2 [S'
ACATGGAGTCCGCAGTGAGCGA)) into pCMV2-FLAG digested with 
EcoRV. This was followed by in-frame ligation of the sequence encoding Grof 
lLEl (also obtained by PCR with primers GrotrLE1-1 [S'-GGATGTTCCCG 
CAGAGCCGG) and Gro/TI.El-2 [S'-TCAGTAGATGACTTCATAGAC)) 
into an XboI site located downstream of the last codon of Hesl. Ligation prod
ucts were analyzed and confirmed by sequencing. Plasmids pCMV2-FLAG
Hesl, pCMV2-FLAG-Hes1.1WRPW, pEBG-Hes1, and pEBG-Hes1.1WRPW 
have been described previously (12, 23, 24). Plasmids pFOX-Luc1, pFOX-ngn3p
Luc1 (containing a portion of the neurogenin3 [ngn3) promoter extending -2.6 
kbp upstream of the transcription start site) and pFOX-.1N-box-ngn3p-Lucl 
(containing a mutated version of the -2.6-kbp ngn3 promoter lacking the Hesl
binding sites located within 200 bp proximal to the transcription start site) have 
been described previously (20). 

Translent transfectlons, proteln-proteln Interaction assays, and Western blot 
analysls_ Human 293A cells were cultured and transfeeted by using the Super
Feet reagent (Qiagen) as described previously (23-25). When appropria te, trans
fected cells were incubated for 6 h in the presence of 10 ",M MG132 (Calbio
chem) prior to celllysis. Treatment of ceillysates with calf intestinal phosphatase 
was performed as described previously (14). To examine the effeet of Hes6 on 
Hes1 stability, cells were transfeeted for 36 h with pCMV2-FLAG-Hesl/ 
Hesl.1 WRPW (50 ng/transfection) in the absence or presence of Hes6, 
Hes6.1 WRPW, or Hes6(SI83A) expression plasmids (200 to 800 ng/transfee
tion). To examine the effeet of Hes6 on the Hes1-Gro/TI.E interaction, cell. were 
transfeeted for 24 h with Hes1 or Hes1.1 WRPW expression plasmids (100 to 200 
ng/transfection) in the absence or presence of Hes6 or Hes6.1 WRPW expression 
plasmids (100 to 200 ng/transfeetion). Cell Iysates were prepared, and GST 
copreeipitation (23, 24), immunopreeipitation (14, 40), and Western blotting (6, 
2S, 28) studies were performed as described previously. The antibodies used were 
panlLE (6, 28, 34), anti-GST and anti-GAlAbd (Santa Cruz Bioteehnology), 
antihemagglutinin (anti-HA) (Roche), or anti-FLAG (Sigma). 

ln vitro phosphorylatlon of bacterlally purilled Hes protelns. Fusion proteins 
of GST and Hes6 or Hes6(S183A) were purified from bacteria as described 
previously (12, 23). Roughly 50 ng of each fusion protein was resuspended in 
buffer A (50 mM Tris-HCI [pH 7.6), 10 mM MgC12, 1 mM EOTA, 1 mM 
dithiothreitol, 0.1% Triton X-100, 200 .. m ATP) containing 200 .. Ci of 
[-y_32P)ATP per ml in the presence ofO.S U ofpurified protein kinase CK2 (New 
England Biolabs) per ",1 for 15 min at 3O"c. Reactions were terminated by the 
addition of 2x sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
PAGE) sample buffer and incubation at 6SoC for S min. After gel eleetrophore
sis, proteins were transferred to nitrocellulose and exposed to film. After auto
radiography, membranes were subjeeted to Western blotting with anti-GST 
antibodies. 

Telencephallc neural progenltor cell cultures. Primary neural progenitor cell 
cultures were established from dorsal telencephalic cortices dissected from em
bryonic day 13.5 (E13.5) mouse embryos as described previously (10, 33). Cells 
were seeded into either four-weil chamber slides (Nalge Nunc International) for 
immunoeytochemical studies or six-weil dishes (BD Labware) for transcription 
assays. AIl chambers and dishes were coated with 0.1 % poly-o-Iysine and 0.2% 
laminin (BD Biosciences). Cells were cultured in Neurobasal medium supple
mented with 1% N2, 2% B27,O.S mM g1utamine, 1% penicillin-streptomycin 
(Invitrogen), and 40 ng of fibroblast growth factor 2 (Collaborative Research) 
per ml. 

Translent-transfectlon and transcription studles w1th neural progenltor cell •• 
Approximately 1.5 X 10" cells/ml were seeded at the start of the experiments. 
After 24 h in vitro (day 1), when -90% ofthe cultured cells were mitotic (10, 25, 
3S), transfeetions were performed by mixing the appropriate combinations of 
plasmids (the total amount of DNA Was adjusted to 2.0 ",g/Well in each trans
fection) with OptiMEM medium (Invitrogen). An equal volume of OptiMEM 
medium was mixed separately with Upofeetamine 2000 reagent (Invitrogen) 
(1.25 ...vflo8 of DNA) and then combined with the DNA mixture and incubated 
for 20 min. The DNA-Lipofeetamine 2000 mix was then added dropwise to each 
weil. In each case, a pRSV -~-galactosidase ONA was cotransfected to provide a 
means of normalizing the assays for transfeetion elliciency. Twenty-four hours 
after transfeetion, cells were harvested and luciferase and ~-galactosidase activ
ities were determined as described previously (23-25). Results were expreased as 
Mean values :!: standard deviations (SO). 

Immunoc:ytochemlcal analysls of dl.erentlatlng neural progenltor cells. Ap
proximately 4 x 10' cells/ml were seeded at the start of the experiments. After 
48 h in vitro, cells were transfeeted as described above by using plasmids encod-
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FIG. 1. Promotion of cortical neurogenesis by Hes6. (A) Primary cultures of E13.5 mouse embryonic cortical neural progenitor cells were 
transfected with plasmids encoding either GFP alone (bottom panels) or a combination of GFP and Hes6 (top panels). Forty-eight hours later, 
cells were fixed and subjected to double-labeling anaiysis of the expression of GFP (left panels) or MAP2 (middle panels). The combined GFP 
and MAP2 staining is shown in the right panels. (B and C) Quantitation of the percentage of GFP-MAP2-double-positive cells (B) or of cells in 
similar double-labeling experiments conducted in parallel with antibodies against nestin. Results are shown as the means :!: SO (n = 5). " P < 
0.01; ", P < 0.001. 

ing either enhanced green ftuorescent protein (GFP) alone (0.2 lL8fWell) or 
combinations of GFP and Hes6, Hes64 WRPW, or Hes6(Sl83A) (0.5 JI.8 of Hes6 
plasmid per well). 1be total amount of DNA was adjusted to 1.0 ",g. Cells were 
a1lowed to di1ferentiate until day 4 to 5 in vitro, when the)' were fixed and 
subjectcd to double-label immunocytochemical analysis of Ibe expression of 
GFP, nestin (a marker of undilferentiated neural progenitor œlls), or MAP2 or 
NeuN (markelS of di1ferentiated neurons) as described (33, 35). Antinestin (BD 
PharMingen), anti-MAP2 (Sigma), or anti-NeuN (Chemicon) antibodies were 
used. Digital image acquisition and analysis were performed with the Northem 
Eclipse software (Empix lnc.). Results were cxpressed as mean values :t 50. 

RESULTS 

Promotion of cortical neurogenesis by Hes6. Hes6 was 
shown to promote neuronal ditferentiation in Xenopus em-

bryos and mouse retinal explants (3, 19). To determine 
whether Hes6 might also promote the development of cortical 
neurons, we transfected exogenous Hes6 in primary cultures of 
neural progenitor ceUs isolated from the dorsal telencephalons 
of E13.5 mouse embryos. These cortical progenitors endog
enously express Hes6 (reference 3 and data not shown), as weil 
as Hesl and Gro!ILE (6, 32, 40). Enhanced GFP was coex
pressed to mark the transfected cells. Exogenous Hes6 expres
sion led to a significant increase in the number of ditferentiated 
neurons compared to that with GFP a1one, as revealed by 
immunocytochemistry with antibodies against the neuron-spe
cific protein MAP2 (Fig. lA and B [cf. bars 1 and 2]). This 
increase was correlated with a decrease in the number of un-
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FIG. 2. Interaction of Hes6 and Hesl with GrorrLE. 293A cells were transfected with plasmids encoding the indicated GST fusion proteins. 
Cell Iysates were collected, and the fusion proteins were isolated on glutathione-Sepharose beads. The precipitated material (Pull-Down) was 
subjected to SOS-PAGE (Ianes 5 to 8) on a 10% gel, together with 1/10 of each input lysate collected prior to incubation with glutathione
Sepharose beads (lanes 1 to 4). This was followed by Western blotting (WB) with either antibodies (Ab.) that recognize ail GrotrLE proteins 
(panTLE) (A) or anti-GST antibodies (B). Positions of size standards are indicated in kilodaltons. 

differentiated neural progenitor ceUs expressing the protein 
nestin (Fig. le, cf. bars 1 and 2). These results thus show that 
Hes6 promotes cortical neuronal differentiation. Since previ
ous studies have shown that the neurogenic abiIity of Xenopus 
Hes6 does not require its carboxy-terminal WRPW motif in
volved in GrotrLE binding (19), we next examined whether 
HesM WRPW, a truncated form lacking this motif, would 
also promote cortical neuronal differentiation. Exogenous 
Hes6~ WRPW also caused an increase in the number of dif
ferentiated neurons, aIthough less effectively than Hes6 (Fig. 
lB, cf. bars 1 to 3). Hes6 and Hes6~ WRPW were expressed at 
equivalent levels (see Fig. 3A). Together, these findings 
strongly suggest that Hes6 promotes the differentiation of cor
tical progenitor ceUs into postmitotic neurons. They further 
suggest that its WRPW motif is not required for, but contrib
utes to, a maximal neurogenic effect. This is consistent with the 
finding that although both Hes6 and Hes6~ WRPW can pro
mote neurogenesis in Xenopus embryos, the former elicited a 
more robust neurogenic effect than the latter (19). 

Comparison of the Interaction of Hes6 or Hesl w1th Grof 
TLE. To elucidate the molecular mechanisms underlying the 
neurogenic activity of Hes6, we tested whether this function 
might involve an inhibition of the antineurogenic activity of 
Hesl. Both Hes1 and Hes6 bind to GrotrLE (9, 12, 24, 25) and 
are coexpressed with the latter in a number of tissues (3, 6, 9, 
12, 32, 34, 39). In particular, Hesl and Hes6 are coexpressed in 
neural progenitor ceUs but not in differentiated neurons, where 
Hes6 continues to be expressed while Hesl is down-regulated 
(3, 19, 32). This suggested that Hes6 might act as a negative 
regulator of Hes1 activity in neural progenitors by competing 
with Hes1 for binding to Gro/TLE, thus titrating away the 
corepressor function that Gro/TLE provides to Hesl. To ex
amine this possibility, we first tested whether Hes6 had a 
higher affinity than Hes1 for Gro/TLE. 293A cells that express 
endogenous GrotrLE (Fig. 2A, lanes 1 to 4) were transfected 
with plasmids encoding either GST-Hes6 or GST-Hesl. The 
precipitation of equivalent amounts of these fusion pro teins 

(Fig. 2B, cf. lanes 5 and 7) resulted in the coprecipitation of 
equivalent amounts of endogenous GrotrLE (Fig. 2A, cf. lanes 
5 and 7). In contrast, expression of fusion proteins of GST and 
truncated forms of Hes6 or Hes1 lacking the WRPW motif 
(Fig. 2B, lanes 6 and 8) did not result in the coprecipitation of 
Gro/TLE (Fig. 2A, lanes 6 and 8), consistent with the demon
strated requirement for this motif for GrotrLE binding (24). 
These findings show that Hes1 and Hes6 interact with Grof 
TLE with similar affinities when they are expressed at equiva
lent levels. 

Eifeet of Hes6 on the interaction of Hesl w1th GrorrLE. To 
directly test whether Hes6 might compete with Hes1 for Grof 
TLE binding, we performed Hes1-GrotrLE coimmunoprecipi
tation studies in the absence or presence of Hes6. 293A cells 
were transfected with FLAG epitope-tagged Hes1, followed by 
immunoprecipitation with anti-FLAG antibodies. In the ab
sence of HA-Hes6 (Fig. 3A, lane 1), GrotrLE coimmunopre
cipitated efficiently with Hes1 (Fig. 3E, lane 1). When Hes6 
was coexpressed with Hes1 (Fig. 3A, lane 2), we observed a 
significant decrease in the amount of GrotrLE that coimmu
noprecipitated with Hes1 (Fig. 3E, cf. lanes 1 and 2). Under 
these conditions (see Materials and Methods), Hes6 expres
sion did not cause a significant decrease in the level of trans
fected Hes1 (Fig. 3B and D, cf. lanes 1 and 2) and had no 
negative effect on the expression of endogenous GrotrLE (Fig. 
3e), suggesting that the decreased GrotrLE coimmunopre
cipitation was not simply the result of decreased levels of these 
proteins. In this and succeeding figures, the relative intensities 
of the Hes1 and Hes6 immunoreactive bands do not reftect the 
actual relative amounts of these factors, because different an
tibodies were used for each prote in and blots were not devel
oped for equal lengths of time. To test whether the reduction 
in Hesl-Gro/TLE coimmunoprecipitation resulted from a ti
tration effect mediated by Hes6 homodimers, the same assays 
were performed with Hes6â WRPW (Fig. 3A, lane 3). This 
protein also caused a decrease in Gro/TLE coimmunoprecipi
tation with Hes1, although this reduction was not as robust as 
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FIG. 3. Inhibition of the coimmunoprecipitation of GrorrLE with Hesl by Hes6 and Hes6~ WRPW. 293A cells were transfected with plasmids 
encoding Hesl or Hesl~ WRPW in the absence or presence of HA·Hes6 or HA-Hes6~ WRPW, as described in Materials and Methods. One·tenth 
of each celllysate was subjected to SDS-PAGE (A to C) and the remaining Iysates were subjected to immunoprecipitation (IP) with anti·FLAG 
antibodies (D and E). Samples were analyzed by Western blotting (WB) with anti-HA (A), anti-FLAG (B and D), or anti-GrorrLE (C and E) 
antibodies (Ab.). The arrow in panel D points to the position of migration of Hesl. The arrow in panel E points to the position of migration of 
GrorrLE, and the arrowhead indicates a nonspecific band. IgG H., immunoglobulin G heavy chains. Positions of size standards are indicated in 
kilodaltons. 

with Hes6 (Fig. 3E, cf. lanes 1 and 3). Coexpression of 
Hes6A WRPW did not affect the levels of Hesl or GroffLE 
(Fig. 3B and C). Similar studies were performed with fusion 
proteins of Hes6 and the DNA-binding domain of GAL4 
(GAL4bd). Expression of increasing amounts of GAL4bd
Hes6 (Fig. 4A, lanes 2 and 3) led to a significant inhibition of 
the coimmunoprecipitation of GroffLE with Hesl (Fig. 4D, cf. 
lanes 1 to 3) without significantly affecting the expression of 
either Hesl (Fig. 4B, lanes 1 to 3) or GroffLE (Fig. 4C, lanes 
1 to 3). GAL4bd-Hes6A WRPW had a similar effect, although 
it was somewhat less effective than GAL4bd-Hes6 (Fig. 4D, 
lanes 4 and 5). 

To extend these observations, cells were transfected with 
HeslA WRPW, followed by immunoprecipitation with anti
FLAG antibodies. As expected, in the absence of cotrans
fected Hes6, Gro/TLE did not coimmunoprecipitate with 
HeslA WRPW (Fig. 3E, lane 7). In contrast, GroffLE coim
munoprecipitated with HeslA WRPW when the latter was co
transfected with Hes6 (Fig. 3E, lane 4) but not with 
Hes6A WRPW (Fig. 3E, lane 5). As previously reported (3), 
the Hesl and Hes6 proteins heterodimerized with each other 
under the experimental conditions used for these assays (data 
not shown). Expression of Hes6 alone followed by immuno
precipitation with anti·FLAG antibodies did not result in Gro/ 
TLE coprecipitation (Fig. 3E, lane 6). The expression of 

HeslA WRPW was not affected by Hes6 expression (Fig. 3B 
and D). Taken together, these findings demonstrate that Hes6 
can antagonize the interaction of Hesl with GroffLE. The 
WRPW motif of Hes6 is not necessary for this effect, suggest
ing that this is not solely the result of a competition by Hes6 
homodimers for GrotrLE binding. 

Efeet of Hes6 on stability of Hesl. During the course of our 
transfection experiments, we noted that under appropriate 
conditions (see Materials and Methods), the coexpression of 
increasing levels of Hes6 caused a graduai decrease of FLAG
Hesl immunoreactivity (Fig. 5A and B, cf. lanes 1 to 3). A 
similar effect was observed when Hes6A WRPW was expressed 
(Fig. 5A and B, cf. lanes 1, 4, and 5), although this truncated 
form appeared to cause a smaller decrease in Hesl levels 
compared with Hes6. The expression of HeslA WRPW was 
also reduced in the presence of Hes6, but not as significantly as 
in the case of Hesl (Fig. 5A, cf. lanes 1 to 3 and 6 to 8). In 
contrast, Hes6A WRPW had no significant effect on 
HeslA WRPW levels (Fig. 5A, cf. lanes 6, 9, and 10). These 
findings were specifie, because the levels of endogenous Gro/ 
TLE were not affected by either Hes6 or Hes6A WRPW (Fig. 
5C). To corroborate these results and exclude any effects due 
to the presence of the HA epitope on Hes6, similar studies 
were performed with GAL4bd-Hes6. Expression of both 
GAL4bd-Hes6 and GAL4bd-Hes6A WRPW also caused a de-
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FIG. 4. Inhibition of the coimmunoprecipitation of GroffLE with 
Hes1 by Hes6 and Hes6~ WRPW. 293A cells were transfected with 
plasmids encoding the indicated combinations of proteins, as described 
in Materials and Methods. Celllysates were collected and subjected to 
Western blotting (WB) with anti-GAL4bd (A) or anti-GrotrLE 
(C) antibodies (Ab.) or immunoprecipitation (IP) with anti-FLAG 
antibodies followed by Western blotting with anti-FLAG (B) or anti
GrotrLE (0) antibodies. The arrow in panel B points to the position 
of migration of Hesl. IgG H., immunoglobulin G heavy chains. Posi
tions of size standards are indicated in kilodaltons. 
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crease in Hesi immunoreactivity compared to the expression 
of GAL4bd alone (data not shown). These combined observa
tions suggest that Hes6 promotes mechanisms that negatively 
regulate the stability of Hesl. 

To elucidate these mechanisms further, we tested whether 
the stability of Hes6 and/or Hesl might be increased by inhi
bition of the 26S proteasome. Unexpectedly, we observed a 
decrease in both HA-Hes6 and GAL4bd-Hes6 immunoreac
tivity when cells were treated with the protease inhibitor 
MGl32 (Fig. 6A and B, cf. lanes 2 and 3). The proteasome 
inhibitor lactacystin also caused a similar decrease in Hes6 
immunoreactivity (data not shown). This effect was specifie, 
because it was not observed when Hes6d WRPW was tested 
(Fig. 6A and B, cf. lanes 4 and 5). Moreover, MG132 had no 
effects on the expression of either Hesi (Fig. 6C, lanes 1 and 2) 
or GromE (Fig. 6C, lanes 3 and 4). We also observed that the 
deerease in full-Iength HA-Hes6 or GAL4bd-Hes6 was not 
correlated with the appearance of smaller immunoreactive 
species. In particular, we did not observe bands migrating near 
or above the position where GAL4bd migrates (-19 kDa) 
(Fig. 4A), suggesting that MG132 treatment caused extensive 
degradation of the Hes6 proteins. These combined findings 
show that Hes6 is susceptible to proteolytic meehanisms that 
can be mimicked or activated (rather than suppressed) by 
treatment with MG132. These mechanisms depend on the 
presence of the WRPW motif, perhaps beeause Hes6 is more 
prone to degradation when it is competent to associate with 
GrorrLE or beeause the WRPW motif unmasks sites that are 
involved in degradation pathways. 

These observations raised the possibility that the suscepti
bility of Hes6 to proteolytic degradation might be correlated 
with its negative effeet on the stability of Hesi. To test this, 
Hesl was expressed in the absence or presence of increasingly 
high levels of Hes6. We found that the graduai deerease in 
Hesl stability induced by transfecting increasing amounts of 
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FIG. 5. Effect of Hes6 expression on Hes1 stability. 293A cells were transfected with either FLAG-Hes1 or FLAG-Hesl~WRPW (50 
ng/transfeetion), as indicated, in the absence (Janes 1 and 6) (HA vector) or presence of increasing amounts of HA-Hes6 or HA-Hes6~ WRPW 
(200 ng/transfeetion in lanes 2, 4, 7, and 9 or 600 ng/transfection in Janes 3, 5, 8, and 10). CellJysates were subjected to SOS-PAGE on an 11% 
gel, followed by sequential Western blotting (WB) with either anti-FLAG (A), anti-HA (B), or anti-GroffLE (C) antibodies (Ab.). Positions of 
size standards are indicated in kilodaltons. 



6928 GRAITON ET AL. 

A 

B 

c 

D 

E 

F 

HA-Hn': - + + 
HA-Hn' /1WRPW. + + 
MG131: + - + - + 

GAUbd-Hn': 
GAL4bd-Het6~ WRPW: 
MGt31: 

FLAG-Hesl: 
MGI32: 

31- --__ WB: lIA Ab. 

11-

1 l 3 4 ~ 

- + + 
- - - + + 
+ - + - + 

.5- _. __ WB: liAL4bd Ab. 

31-

1I-

1 l 3 4 5 

+ + 
- + - + 

WB:FLAGAb. -1 1 

WB: li.orn.[ Ab. 

FLAG-Hesl: 
HA-Hes6: 

HA-Hes6: 

31-

+ + + 
- ~ 

31- -

1 l l 

31----

1 l 

3 4 

WB: FI.AG Ab. 

WB: HA Ab. 

WB: ItAAb. 

FIG. 6. Analysis of Hes6 stability. (A to C) 293A cells were trans
fected with the indicated combinations of pro teins and then incubated 
in the absence or presence of MG 132 as indicated, followed by celllysis 
and Western blotting (WB) analysis. The levels of both HA-Hes6 
(panel A, lanes 2 and 3) and GAUbd-Hes6 (panel B, lanes 2 and 3) 
were reduced in the presence of MG132. In contrast, the levels of 
Hes6A WRPW (panel A, lanes 4 and 5), GAL4bd-Hes6/1 WRPW (pan
el B, lanes 4 and 5), Hesl (panel C, lanes 1 and 2), and GrotrLE 
(panel C, lanes 3 and 4) were not affected. Ab., antibodies. (D and E) 
293A cells were transfected with increasing amounts of HA-Hes6 ex
pression plasmid (400 ng!transfection in lane 2 or 800 ng!transfection 
in lane 3) in the presence of a constant amount of Hesl (50 ng! 
transfection), followed by Western blotting with either anti-FLAG 
(D) or anti-HA (E) antibodies. (F) Cells were transfected with HA
Hes6 expression plasmid at 200 (lane 1),400 (lane 2), or 800 (lane 3) 
ng!transfection in the absence of Hesl, followed by Western blotting 
with anti-HA antibodies. Positions of size standards are indicated in 
kilodaltons. 

Hes6 DNA (Fig. 6D) was not correlated with a graduai in
crease in Hes6 immunoreactivity (Fig. 6E). In contrast, when 
Hes6 was transfected in the absence of Hesl, we observed the 
expected correlation between larger amounts of DNA and 
increasing protein levels (Fig. 6F). Taken together, these re
sults show that Hes6 promotes degradation of Hesl in a dose
dependent manner. They suggest further that Hes6 may be
come increasingly unstable when it is bound to Hesl. This in 
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turn raises the possibility that Hesl becomes targeted for deg
radation due to its association with Hes6. This process is max
imally effective when both Hesl and Hes6 contain the WRPW 
motif involved in GrofTLE binding. 

Inhibition of Hesl-mediated transcriptional repression by 
Hes6 in telencephalic neural progenitor cells. The previous 
results show that Hes6 can negatively regulate both the stabil
ity of Hesl and its interaction with GrofTLE. Since these 
effects are predicted to impair Hesl-mediated transcriptional 
repression, we next tested the possibility that Hes6 might sup
press the ability of Hesl to act as a transcriptional repressor in 
a cellular context where these proteins are normally coex
pressed. Primary cultures of cortical neural progenitor cells 
were established and transfected with a reporter plasmid con
taining the luciferase gene under the control of the ngn3 pro
moter. Hesl has been shown previously to specifically bind to 
this promoter and repress its activity (20). We found that the 
ngn3 promo ter drove strong expression of the reporter gene in 
transfected neural progenitors and that Hesl significantly sup
pressed transcription from this promo ter (Fig. 7 A, cf. bars 1 
and 2). When increasing amounts of Hes6 were cotransfected, 
Hes1-mediated repression was progressively reduced (Fig. 7A, 
cf. bars 2 to 4). Expression of Hes6~ WRPW also resulted in an 
inhibition of Hesl-mediated repression (Fig. 7A, bars 5 and 6). 
Control experiments showed that neither Hes6 nor 
Hes6~ WRPW had an activating effect on the ngn3 promoter 
when transfected in the absence of Hes1 (Fig. 7 A, bars 12 and 
13). Moreover, no significant effects were observed when the 
ngn3 promoter was mutated to delete the Hes1-binding sites 
present within its proximal region (20) (Fig. 7B). These results 
show that Hes6 has the ability to inhibit transcription repres
sion mediated by Hesl in neural progenitor cells. 

We then investigated whether this inhibitory effect was the 
result of either a promotion of Hesl degradation or the pre
vention of Hes1-GroffLE complex formation (or a combina
tion of both). We hypothesized that transcriptional repression 
mediated by a chimeric protein in which Hes1 was constitu
tively associated with GroffLE might be suppressed by Hes6 if 
that involved a proteolysis of Hes1 but not if it required an 
inhibition of Hesl-GrorrLE interaction. A fusion protein 
(Hesl~ WRPW:GroffLEl) in which the WRPW motif of Hesl 
was removed and the entire sequence of GrofTLE1 was sub
cloned in its place was engineered. This chimeric protein re
pressed transcription driven by the ngn3 promoter in neural 
progenitor cells, and its repressive activity was comparable to 
that of Hes1 (Fig. 7A, cf. bars 2 and 7). We found that co
transfection of increasing amounts of Hes6 had a derepression 
effect on Hes1~ WRPW:GroffLEl, although this was some
what weaker than its inhibitory effect on Hes1 (Fig. 7A, cf. bars 
2 to 4 and 7 to 9). These findings indicate that Hes6 can 
antagonize Hesl transcription al repression activity even when 
Hes1 is constitutively bound to GrofTLE, strongly suggesting 
that an inhibition of the Hesl-GrofTLE interaction is not the 
only mechanism utilized by Hes6 to suppress Hesl. In turn, this 
implicates mechanisms involving the promotion of Hesl deg
radation in this event. Importantly, although Hes6~ WRPW 
had an inhibitory effect on Hesl (Fig. 7A, cf. bars 2, 5, and 6), 
it had no significant effect on Hes1~ WRPW:GroffLEl (Fig. 
7A, cf. bars 7, 10, and 11). 

In agreement with these findings, examination of the expres-
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FIG. 7. Inhibition of Hes1-mediated transcriptional repression by Hes6 and Hes6~ WRPW. Primary cultures of neural progenitor cells isolated 
from the dorsal telencephalons of E13.5 mouse embryos were transfected with either the pFOX-ngn3p-Luc1 (A) or the pFOX-~N-box-ngn3p-Luc1 
(8) reporter construct, as indicated, in the absence or presence of Hes1 or Hes1~ WRPW:Gro(fLE1 and the indicated amounts (per transfection) 
of either HA-Hes6 or HA-Hes6à WRPW. The activity of the reporter gene in the absence of any expression plasmid was considered to be 100%. 
Luciferase activities were expressed as the means ::!: SD from at least five independent experiments performed in duplicate. " P < 0.001; 
", P < 0.0001. 

sion of Heslà WRPW:GroffLEl by using antibodies against 
the amino-terminal FLAG epitope showed that Hes6 caused a 
significant reduction in immunoreactivity compared to controls 
(Fig. SA, cf. lanes 2 and 3), indicating that Hes6 promotes 
degradation of Heslà WRPW:GroffLEl. Both GAL4bd-Hes6 
and HA-Hes6 had the same effect on the expression of 
HeslàWRPW:GroffLEl (data not shown). In contrast, 
Hes6à WRPW did not affect the expression of this fusion pro-

tein (Fig. SA and B, cf. lanes 2 and 4), consistent with the lack 
of a negative effect of Hes6à WRPW on the transcription re
pression ability of Heslà WRPW:Gro(fLEl described above. 
Reprobing with anti-GroffLE antibodies directed against the 
carboxy-terminal domain of this fusion protein confirmed that 
Hes6à WRPW did not decrease the expression of Heslà WRPW: 
GroffLEllike Hes6 did (Fig. SC, cf. lanes 2 to 4). Moreover, 
using these antibodies, we noticed that coexpression of Hes6 
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FIG. 8. Effect of Hes6 on expression of Hesl~ WRPW:Gro(fLEl. 293A cells were transfected with plasmids encoding the indicated combi
nations of proteins, followed by preparation of cell lysates and Western blotting with either anti-FLAG (A), anti-GALAbd (B), or anti-Gro(fLE 
(C) antibodies. Positions of size standards are indicated in kilodaltons. 

was not correlated with detectable immunoreactive species 
migrating between endogenous GrotrLEs (Fig. SC) and full
length Heslâ WRPW:GrotrLEl (Fig. SC) or lower forms of 
smaller size. These observations suggest that Hes6 expression 
caused a general proteolysis of the Heslâ WRPW:Gro(fLE1 
fusion protein and not solely a confined degradation of its 
amino-terminal portion. Taken together, these findings show 
that Hes6 inhibits Hesl-mediated transcriptional repression in 
neural progenitor cells and strongly suggest that the promotion 
of Hesl proteolysis by Hes6 is important for this inhibitory 
effect. 

Involvement of Serl83 in the ability of Hes6 to promote 
Hesl degradation and neuronal dilferentiation. Previous stud
ies (37) have shown that the Drosophila Hes family members 
Enhancer of split mS, m7, and mS contain an evolutionarily 
conserved sequence motif characterized by a carboxy-terminal 
consensus site for phosphorylation by protein kinase CK2, 
defined as (Sff)(D!E)X(D!E), preceded at a short distance by 
the sequence SP(NV)SS. This sequence, hereafter referred to 
as the SPXSS-SDXE motif is located within a region with a 
high PEST score (37). PEST-rich sequences behave as cis
acting signais that regulate protein turnover and have been 
suggested to be activated via phosphorylation (27, 31). The 
Drosophila mS, m7, and m8 proteins were shown to associate 
with and be phosphorylated by protein kinase CK2 at their 
conserved SPXSS-SDXE sequences. This phosphorylation is 

believed to activate their PEST domains and result in de
creased stability (37). 

Using the program PESTfind (http://at.embnet.orglembnet/ 
tools/bio/PESTfind), we identified a conserved potential PEST 
sequence at the carboxy termini of mouse and human Hes6 
pro teins (Fig. 9A) (PEST score, +13.02; PEST scores of 
greater than +S are considered significant). This region con
tains a conserved sequence similar to the SPXSS-SDXE motif 
found in the PEST domain of Drosophila mS, m7, and m8 (Fig. 
9A). This raised the possibility that Hes6 might be phosphor
ylated by protein kinase CK2 and that this event may regulate 
its stability through modulation of PEST sequence activity. To 
test this, we first determined whether Hes6 is a phosphorylated 
protein. Lysates from cells transfected with Hes6 were incu
bated in the absence or presence of calf intestinal phosphatase, 
followed by gel electrophoresis. After this treatment, Hes6 
exhibited a faster electrophoretic mobility, indicating that it is 
a phosphorylated protein (Fig. 9B, cf. Janes 1 and 2). In addi
tion, purified protein kinase CK2 directly phosphorylated a 
fusion protein of GST and Hes6 isolated from bacteria (Fig. 9C 
and D, lanes 2). Importantly, an S183A mutation within the 
SPXSS-SDXE motif significantly attenuated phosphorylation 
of Hes6 by protein kinase CK2 even when Hes6(SI83A) was 
present at higher levels than wiJd-type Hes6 (Fig. 9C and D, cf. 
lanes 2 and 4). Hesl, which does not contain an SPXSS-SDXE 
motif, was not phosphorylated by protein kinase CK2 (Fig. 9E, 
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FIG. 9. Analysis of Hes6 phosphorylation. (A) Schematic representation of the domain structure of Hes6. Indicated are the bHLH domain, the 
Orange domain predicted to form helices 3 and 4, the PEST region containing the SPXSS-SDXE motif and its resident SerlS3, and the WRPW 
tetrapeptide. Shown in detail are the sequences of the SPXSS-SDXE elements from mouse and human Hes6 (3) and Drosophila Enhancer of split 
mS, m7, and mS (37). Invariant residues are indicate in boldface. (B) 293A cells were transfected with HA-Hes6, and celllysates were incubated 
in the absence or presence of calf intestinal phosphatase (CIP), followed by Western blotting with anti-HA antibodies. (C and D) The indicated 
GST fusion proteins were purified and subjected to in vitro phosphorylation in the absence (Janes 1 and 3) or presence (Ianes 2 and 4) of purified 
protein kinase CK2, followed by autoradiography (D) and Western blotting (WB) with anti-GST antibodies (Ab.) (C). (E and F) The indicated 
GST fusion proteins were purified and subjected to in vitro phosphorylation in the presence of purified prote in kinase CK2, followed by 
autoradiography (E) and Western blotting with anti-GST antibodies (F). Positions of size standards are indicated in kilodaltons in panels B to F. 

lane 1) even when expressed at significantly higher levels than 
Hes6 (Fig. 9F, cf.lanes 1 and 2). Taken together, these findings 
identify Hes6 as a specifie target of protein kinase CK2 and 
strongly suggest that this kinase can phosphorylate Hes6 at 
Ser183. 

Based on these observations, we tested whether Ser183 
might be important for the ability of Hes6 to cause a reduced 
stability of Hesl. 293A cells were transfected with Hesl alone 
or in the presence of Hes6 or Hes6(SI83A). Hes6 caused a 
dramatic decrease in Hesl expression, whereas Hes6(S183A) 
had a weaker, although still detectable, effect (Fig. lOA and B, 
cf. lanes 1 to 3). These findings suggest that phosphorylation of 
Ser183 plays a positive role in the ability of Hes6 to promote 
Hesl degradation. In turn, this raised the possibility that 
Hes6(S183A) might have a weaker neurogenic activity than 
wild-type Hes6 due to its reduced ability to decrease Hes1 
stability. To examine this possibility, cortical progenitor cells 
were transfected with Hes6 or Hes6(S183A), and the trans
fected cells were examined for the expression of markers of 
either proliferating cells (the Ki67 protein) or differentiated 
neurons (the NeuN protein), as described previously (33). We 
found that exogenous Hes61ed to the differentiation of super-

numerary neurons (Fig. lOC, cf. bars 1 and 2) and a decrease 
in undifferentiated progenitors (Fig. lOD, cf. bars 1 and 2). In 
contrast, Hes6(S183A) did not promote similar effects (Fig. 
lOC and D, bars 3). Taken together, these findings identify an 
important role for Ser183 in the neurogenic activity of Hes6 
and show a correlation between phosphorylation of this resi
due by protein kinase CK2 and the ability of Hes6 to negatively 
regulate Hes1 functions and promote neuronal development. 

DISCUSSION 

Involvement of Hes6 in neuronal dilferentiation. Previous 
studies with mouse and Xenopus have revealed that Hes6 ex
pression is correlated with the transition of neural progenitor 
cells to the neuronal fate (3, 19, 30, 38). In Xenopus, Hes6 
activation follows the expression of neuronal determination 
genes such as ngn family members and overlaps with neuronal 
differentiation genes such as NeuroD (19). In mice, Hes6 ex
pression was detected in both the proliferative zone containing 
neural progenitor cells and areas containing postmitotic neu
rons (3). Taken together with the demonstration that Xenopus 
Hes6 expression is not activated by the Notch signaling path-
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FIG. 10. Effects of S183A mutation on Hes6 functions. (A and B) 293A cells were transfected with FLAG-Hes1 (50 ngltransfection) in the 
absence (Jane 1) or presence of either HA-Hes6 (Jane 2) or HA-Hes6(S183A) (Jane 3) (600 ng/transfection). Cell Jysates were subjected to 
SOS-PAGE, followed by Western blotting (WB) with either anti-FLAG (A) or anti-HA (B) antibodies (Ab.). Shown is a representative example 
of results from four separate experiments that gave the same results. Positions of size standards are indicated in kilodaltons. (C and 0) E13.5 
mouse embryonic cortical progenitor cells were transfected with plasmids encoding either GFP alone or a combination of GFP and Hes6 or GFP 
and Hes6(S183A). Forty-eight hours later, cells were fixed and subjected to double-Iabeling analysis of the expression of GFP, NeuN, or Ki67. 
Shown is the quantitation of the percentage of GFP-NeuN (C)- or GFP-Ki67 (O)-double-positive cells. Results are shown as the means ± SO 
(n = 4) .• , P < 0.01. 

way, which plays an antineurogenic role, but rather appears to 
be driven by neurogenic bHLH proteins (19), these observa
tions first suggested an involvement of Hes6 in mechanisms 
that positively regulate neurogenesis. This possibility was con
firmed by ectopic expression studies with Xenopus embryos and 
murine retinal explants that revealed that Hes6 promotes neu
ronal differentiation (19). Importantly, those studies also sug
gested that Hes6 may act primarily by promoting the differen
tiation of progenitors that already express proneural proteins, 
perhaps by antagonizing the functions of inhibitors of the lat
ter. By removing this inhibition, Hes6 may allow proneural 
proteins to perform their neurogenic functions more effec
tively, leading to enhanced neuronal differentiation. In an ef
fort to clarify how Hes6 may antagonize inhibitory activities 
that negatively regulate proneural protein functions, we have 
focused on the Hesl prote in, a well-characterized member of a 
family of bHLH proteins that act as inhibitors of proneural 
proteins in both invertebrates and vertebrates (18). In partic
ular, Hesl inhibits transcription from proneural gene promot
ers (4, 20) and the expression of proneural genes is prema
turely activated in Hesl nullizygous mice (16), suggesting that 
Hes1 acts as a negative regulator of proneural proteins in vivo. 
Hesl and Hes6 are coexpressed in differentiating neural pro
genitor cells (3, 19, 32), and they can heterodimerize in trans
fected cells and in vitro (3). Moreover, Hes6 was shown to 
reduce the ability of Hesl to repress transcription from an 
artificial promoter in NIH 3T3 cells (3). These observations 
raised the possibility that Hes6 acts as a negative regulator of 
the antineurogenic activity of Hesl. However, they did not 
clarify the molecular mechanisms that underlie this function. 
To address this important question, we have performed a corn
bination of molecular and cellular investigations that have 
characterized two complementary mechanisms that Hes6 may 
utilize to negatively regulate Hes1 activity and positively reg
ulate neuronal differentiation. 

Inhibition of Hesl·GroffLE interaction by Hes6. Our stud
ies have shown that the interaction of Hesl with its transcrip
tional corepressor GrotrLE is reduced when Hes6 is coex
pressed at levels that do not have a significant effect on the 
stability of either Hes1 or GromE. This effect is unlikely to 
result solely from a competition for GromE between Hes6 
and Hesl homodimers, because a truncated form of Hes6 that 

is unable to bind to GromE also inhibits the interaction of 
Hesl with the latter. Our finding that Hesl~ WRPW-Hes6 
heterodimers, which have only one WRPW motif, appear to 
interact with GromE Iike Hesl-Hes6 heterodimers, which 
have both WRPW motifs, suggests instead that Hes1-Hes6 
heterodimers interact more poorly with GromE than ho
modimers of either protein. Reasons for this reduced affinity 
may include the fact that the folding of these heterodimers may 
not allow a proper alignment of the WRPW motifs of Hesl and 
Hes6. GroffLE proteins exist as tetramers, so the correct 
alignment of WRPW motifs may be critical for the establish
ment of a strong interaction between Hes factors and Grol 
TLE. A weaker association may be caused by differential post
translational modifications, including phosphorylation of 
Ser183 of Hes6 (see below). Alternatively, other cofactors that 
may interact selectively with either Hesl or Hes6 may not 
allow a strong interaction between GromE and Hesl·Hes6 
heterodimers. In either case, the formation of Hesl-Hes6 het
erodimers that interact poorly with GromE is likely to pre
vent or reduce the interaction of Hesl homodimers with Grol 
TLE, thereby depriving Hesl of its critical transcription al 
corepressor and negatively regulating its functions. As dis
cussed below, this situation may lead, under conditions of 
increasing Hes6 expression, to an additional mechanism of 
Hesl suppression, namely, the targeting of Hesl-Hes6 dimers 
for proteolytic degradation. 

Regulation of Hesl stability by Hes6. Our investigations 
have shown for the first time that expression of increasing 
amounts of Hes6 causes a graduai decrease of Hesl stability 
resulting in a loss of full-Iength protein. This finding raises the 
interesting possibility that Hes6 may act as a negative regulator 
of Hesl activity by regulating the stability of the latter. Such a 
situation may occur, for instance, in determined neural pro
genitor cells, in which increased proneural prote in activity may 
promote an up-regulation of Hes6 expression. In turn, Hes6 
may cause inactivation of Hesl by affecting its turnover, 
thereby contributing to the mechanisms that will drive those 
progenitors into the neuronal Iineage. Such a situation might 
explain not only the ability of Hes6 to suppress Hesl-mediated 
repression but also the previous observation that Hes6 can also 
suppress the ability of Hesl to inhibit the activity of E2A
proneural protein heterodimers (3). Inhibition of proneural 
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protein activity by Hesl is thought to involve the formation of 
heterodimers between Hes1 and ubiquitous bHLH proteins 
such as E47, thus titrating away the latter from the proneural 
proteins. Proteolytic degradation of Hes1 would therefore be 
expected to prevent these interactions and inhibit this effect. 

We have shown that Hes6 is intrinsically susceptible to pro
teolytic degradation events that can be uncovered by exposure 
to the protease inhibitor MG132. The mechanisms underlying 
the effect of MG 132 on Hes6 are still uncIear and likely involve 
indirect effects resulting from either the MG 132-mediated ac
tivation of genes that encode factors that may destabilize Hes6, 
the inhibition of proteolytic pathways that may normally de
grade factors that reduce Hes6 stability, or the inhibition of 
pathways leading to the expression of factors that render Hes6 
more stable. Regardless of the exact nature of the events in
duced by MG132, the observation that Hes6 is prone to pro
teolytic degradation is in agreement with the presence of an 
evolutionarily conserved PEST domain containing an SPXSS
SDXE subdomain that incIudes a resident consensus protein 
kinase CK2 phosphorylation site at Ser183. The presence of 
PEST domains is characteristic of proteins that undergo in
creased turnover, and phosphorylation of PEST sequences by 
prote in kinase CK2 was shown to negatively affect intrinsic 
prote in stability (22, 27, 31). The Drosophüa Hes family mem
bers Enhancer of split m5, m7, and m8 share with Hes6 a 
similar SPXSS-SDXE motif within a carboxy-terminal region 
characterized by a high PEST score. They were shown to bind 
directly to protein kinase CK2 and to be phosphorylated by this 
kinase at their conserved SDXE site. This phosphorylation is 
believed to decrease their stability (37). In agreement with 
those results, we have shown that Hes6, but not Hes1, is phos
phorylated by protein kinase CK2 at Ser183 within the SDXE 
motif, suggesting a previously unrecognized relatedness of 
Hes6 to the m5-m7-m8 subgroup of Drosophüa Enhancer of 
split proteins. 

Our studies have also shown that maximal Hes6-mediated 
degradation of Hes1 is correlated with a decreased stability of 
Hes6 itself. This observation suggests that the formation of 
Hes1-Hes6 heterodimers may increase the intrinsic suscepti
bility of Hes6 to degradation, causing the recruitment of Hes1 
into the same proteolytic mechanisms. Although the molecular 
events underlying such a process remain to be fully elucidated, 
our investigations have revealed important roles for both the 
protein kinase CK2 phosphorylation site at Ser183 of Hes6 and 
the WRPW motif. We have shown that mutation of Ser183 
into Ala attenuates, albeit does not eliminate, the destabilizing 
effect of Hes6 on Hesl. This finding suggests that the SPXSS
SDXE motif of Hes6 and its resident Ser183 may contribute to 
the mechanisms that activate the PEST domain of Hes6. Het
erodimerization with Hes1 may render this region more acces
sible to such mechanisms, thereby promoting the degradation 
of Hes6 and Hesl. Alternatively, the phosphorylation of 
Ser183 may cause a misalignment of the WRPW motifs. of 
Hes1 and Hes6 when these factors heterodimerize, leading to 
a conformation that results in suboptimal GroffLE binding 
compared to homodimers of either protein. This may lead to 
the formation of misfolded Hes1-Hes6-GroffLE ternary com
plexes that may be recognized as defective and targeted for 
removal via proteolytic degradation. Mutation of Ser183 may 
allow Hes1-Hes6 dimers to interact better with GroffLE, re-
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sulting in the formation of properly folded complexes with 
increased stability. 

The possibility that enhanced proteolysis of Hes1 and Hes6 
may be caused by their association into incorrectly folded com
plexes is also suggested by our observation that the formation 
of Hes1-Hes6 heterodimers does not appear to be sufficient to 
activate proteolytic degradation of these proteins by itself, 
because removal of the WRPW motif from either Hes1, Hes6, 
or both progressively attenuates Hes1 degradation promoted 
by Hes6. Moreover, Hes6â WRPW had no detectable effect on 
the stability of the chimeric protein Hes1â WRPW:GroffLE1, 
in contrast to the significant degradation induced by full-length 
Hes6. In addition, heterodimers of Hes1 and Hes6 do not 
efficiently coimmunoprecipitate with GroffLE, regardless of 
whether they contain one or two WRPW motifs, suggesting 
that they may not be able to form stable complexes. Since 
removal of the WRPW motif does not impair the ability of 
Hes1 and Hes6 to heterodimerize (data not shown), these 
observations suggest that heterodimers of Hes1 and Hes6 may 
be more susceptible to degradation if they are associated with 
GrorrLE through their WRPW motifs. Heterodimers lacking 
this motif, and thus unable to interact with GroffLE, may be 
able to fold more properly and avoid extensive degradation. 
Based on these combined observations, we propose that Hes1-
Hes6 heterodimers are prone to increased degradation when 
they form complexes with Gro!fLE. This situation may be due 
to specific structural features of these proteins that may not 
allow the formation of properly folded complexes with Gro/ 
TLE, in turn resulting in the activation of proteolytic mecha
nisms involving Ser183 of Hes6. Conversely, it may be phos
phorylation of Ser183 that causes a misfolding of the carboxy 
termini of these heterodimers and an impaired ability to bind 
to GroffLE, resulting in degradation as a secondary effect to 
remove the misfolded complexes. Future studies will be aimed 
at distinguishing between these possibilities. In either case, it 
appears that Ser183 plays an important role in Hes6 functions, 
as further indicated by the inability of Hes6(S183A) to pro
mote neuronal differentiation (see below for further details). 

We recognize that other mechanisms are also possible. For 
instance, the WRPW motif of Hes6 may promote the instabil
ity of Hes1-Hes6 heterodimers in a GroffLE-independent 
manner, possibly by acting as a binding site for proteins other 
than GroffLE, resulting in the direct or indirect recruitment of 
proteolytic enzymes. However, it remains to be determined 
whether the WRPW motif mediates interactions with proteins 
other than GroffLE. In addition, we cannot rule out the pos
sibility that the destabilizing effect of Hes6 on Hes1 is the 
result of the activity of Hes6 as a transcriptional repressor. 
Hes6 may directly suppress the expression of factors that pro
mote the stability of Hesl. This seems unlikely, however, be
cause Hes6â WRPW, which cannot recruit the GroffLE core
pressor and was shown to be unable to mediate transcription al 
repression when fused to GAUbd (9), also promotes Hes1 
degradation. In addition, the in vivo neurogenic activity of 
Hes6 does not appear to be DNA-binding dependent, arguing 
against mechanisms that are based solely on direct transcrip
tional functions (19). It remains possible, though, that Hes6 
mediates as-yet-uncharacterized transcriptional mechanisms 
that may affect Hes1 expression in a dose-dependent manner. 
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Characterization of the molecular mechanisms underlying 
the suppression of Resl-mediated transcriptional repression 
by Res6. To begin to elucidate whether different mechanisms 
of Hes1 inhibition are used by Hes6 in combination (to achieve 
maximal effects) or separately (perhaps depending on partic
ular cellular and/or developmental conditions), we have exam
ined the effect of Hes6 on the ability of Hesl to mediate 
transcriptional repression in cortical progenitor cells, where 
these proteins are coexpressed. We have found that Hes6 sup
presses Hes1-mediated repression. 80th Hes6 and Hes61l WRPW 
have a similar inhibitory effect. This observation does not sug
gest that the suppression of Hesl activity derives from the 
Hes6-mediated repression of a gene(s) encoding a positive 
regulator(s) of Hesl, because previous studies have shown that 
Hes6 requires its WRPW motif to repress transcription when 
targeted to DNA as a fusion protein with GAlAbd (9). More
over, this finding also argues against a mechanism involving 
solely a competition for GroffLE between Hesl and Hes6 
homodimers. To determine whether Hesl suppression was the 
result of the inhibition of the interaction of Hesl with Grol 
TLE or the promotion of Hesl proteolysis (or a combination 
of both), we have examined the effect of Hes6 on a chimeric 
protein in which Hes1 is constitutively bound to GroffLE. This 
fusion protein represses transcription in cortical progenitor 
cells like full-Iength Hesl, and its repressive ability should not 
be affected by conditions that would otherwise inhibit Grol 
TLE recruitment. Our investigations have revealed that Hes6 
still has an inhibitory effect on Heslll WRPW:GroffLEl, al
though this is weaker than its effect on Hesl. These findings 
thus suggest that the promotion of Hesl degradation plays an 
important role in the inhibitory effect of Hes6 on Hesl-medi
ated repression. In agreement with this possibility, we have 
found that Hes61l WRPW, which does not promote a signifi
cant proteolysis of Hes11l WRPW:GroffLE1, does not have a 
negative effect on repression mediated by the latter. Together, 
these findings clarify mechanisms that underlie the ability of 
Hes6 to act as a negative regulator of Hes1 in cortical neural 
progenitor cells. 

Promotion of cortical neurogenesis by Res6. To determine if 
Hes6 is involved in the regulation of neuronal differentiation in 
the mammalian forebrain, we have examined the consequence 
of exogenous Hes6 expression in primary cultures of cortical 
neural progenitor cells. In our studies, Hes6 induced a de
crease in the number of undifferentiated progenitor cells and 
an increase in the number of differentiated neurons arising 
from these progenitors, showing that Hes6 promotes cortical 
neuronal differentiation. This effect is likely the result of the 
recruitment of supemumerary progenitors into the neuronal 
lineage. Because neural progenitor cells of the dorsal telen
cephalon express proneural proteins such as Ngn1 and -2, our 
results are consistent with previous studies on Xenopus sug

gesting that Hes6 promotes the neuronal differentiation of 
Ngn-expressing neural progenitor cells (19). Based on these 
results and our demonstration that Hes6 efficiently suppresses 
Hes1-mediated transcriptional repression in cortical progeni
tors, we propose that the inhibition of Hes1 activity is at least 
one of the mechanisms utilized by Hes6 to promote neuronal 
differentiation. In possible agreement with this, we have found 
that the mutated protein Hes6(S183A) had an attenuated neg
ative effect on the stability of Hes1 compared to wild-type Hes6 
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and did not promote neuronal differentiation. These observa
tions suggest a correlation between a reduced ability to pro
mote Hesl degradation and reduced Hes6 neurogenic activity. 
We found that Hes6(S183A) was able to cause a detectable 
decrease of Hes6 stability in 293A cells but failed to promote 
the neuronal differentiation of cortical progenitors. This situ
ation may reflect that the observed residuallevels of Hesl may 
be sufficient to inhibit neuronal differentiation or that 
Hes6(S183A) may have a weaker effect on Hesl in neural 
progenitors compared to 293A cells. It is entirely possible, 
however, that additional mechanisms involving Ser183 may be 
important for the neurogenic activity of Hes6. Further eluci
dation of the mechanisms underlying Hes6 activity will clarify 
important events regulating vertebrate neurogenesis. 
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