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Hesl is a mammalian basic helix-loop-helix transcriptional repressor that inhibits neuronal differentiation
together with corepressors of the Groucho (Gro)/Transducin-like Enhancer of split (TLE) family. The inter-
action of Hes1 with Gro/TLE is mediated by a WRPW tetrapeptide present in all Hairy/Enhancer of split (Hes)
family members. In contrast to Hesl, the related protein Hes6 promotes neuronal differentiation. Little 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 Hes1 with its transcrip-
tional corepressor Gro/TLE. Moreover, it promotes proteolytic degradation of Hesl. This effect is maximal
when both Hesl 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 findings,
Hes6 inhibits Hes1-mediated transcriptional repression in cortical neural progenitor cells and promotes the
differentiation of cortical neurons, a process that is normally inhibited by Hes1l. Mutation of Ser183 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 Hes1 activity by multiple mechanisms.

In the developing mammalian central nervous system
(CNS), differentiated 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 lineage is regulated by the antagonistic
activities of a number of positively and negatively acting tran-
scription factors containing the basic helix-loop-helix (P HLH)
DNA-binding and dimerization motif (reviewed in references
2 and 18). Neurogenic bHLH factors include 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 include members of the
Hairy/Enhancer of split (Hes) family (1, 26, 32). In contrast to
proneural proteins, Hes factors like 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 differentiation by antagonizing the
neurogenic activity of the proneural proteins via multiple
mechanisms, including 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 effects 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 HesI gene is initially expressed in proliferating neural
progenitor cells and becomes down-regulated during the pro-
genitor-to-neuron transition (32). Persistent expression of
Hesl inhibits neuronal development, whereas disruption of
Hesl function results in the premature differentiation 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 differentiation.
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 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 termini of all Hes proteins (7, 11,
24). Mutations that disrupt the Hes-Gro/TLE interactions im-
pair the ability of Hes proteins to mediate transcriptional re-
pression (7, 24, 29). Moreover, Hes1 activates phosphorylation
mechanisms that promote the transcription repression func-
tion of Gro/TLE (25). Together, these observations identify
Gro/TLE proteins as positive regulators of Hes activity and
suggest that Hesl acts by recruiting hyperphosphorylated Gro/
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 undifferentiated neural
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progenitors and differentiated neurons (3, 19, 30, 38). In con-
trast 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 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 Hesl 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 intrinsic 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 Hesl with Gro/TLE. 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 Hes1l-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 Hesl activity and a positive regulator of neuronal
differentiation.

MATERIALS AND METHODS

Plasmids. PCR was used to amplify the sequences encoding full-length Hes6
(oligonucleotide primers Hes6-1 [5'-GACCATGGCTCCGTCCCA] and Hes6-2
[5'-TCACCAAGGCCTCCACACACTC]) or Hes6bAWRPW (oligonucleotide
primers Hes6-1 and Hes6-3 [5'-TCACACACTCTGAGCCCGGCGAGC]) with
the full-length Hes6 cDNA Image clone W66929 as the template (5). 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
[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 Smal. 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 Hes6-5F [5'-GACCT
GTGTGCTGACCTAGAGGAGAT] and Hes6-5R [5'-TCTAGGTCAGCACA
CAGGTCGT])), followed by subcloning into pBluescript plasmid and DNA
sequencing. The verified mutant sequence was then subcloned into pPCMV2-HA-
Hes6 digested with Smal, replacing the wild-type sequence. Constructs for the
bacterial expression of fusion proteins of glutathione S-transferase (GST) and
Hes6 or Hes6(S183A) were obtained by digesting pPCMV2-HA-Hes6 or pCMV2-
HA-Hes6(S183A) with BglII and BamHI, followed by subcloning into pGEX1
digested with BamHI. The pGEX1-Hesl DNA has been described previously
(23). Constructs pEBG-Hes6 and pEBG-HesoAWRPW were generated by di-
gesting pcDNA3-GAL4bd-Hes6 or pcDNA3-GAL4bd-Hes6AWRPW, respec-
tively, with EcoRI, followed by filling in with Klenow DNA polymerase and
subcloning into the filled-in Clal site of pEBG to generate plasmids for the
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expression of fusion proteins of GST and Hes6 or HesosAWRPW in mammalian
cells. Plasmid pCMV2-FLAG-HesIAWRPW:Gro/TLE1 was generated by first
subcloning the region encoding HesIAWRPW (obtained by PCR amplification
with primers Hes1-1 [5'-AATGCCAGCTGATATAATGGAG] and Hes1-2 [5'-
ACATGGAGTCCGCAGTGAGCGA]) into pCMV2-FLAG digested with
EcoRV. This was followed by in-frame ligation of the sequence encoding Gro/
TLEI (also obtained by PCR with primers Gro/TLE1-1 [5'-GGATGTTCCCG
CAGAGCCGG] and Gro/TLE1-2 [5'-TCAGTAGATGACTTCATAGAC])
into an Xbal site located downstream of the last codon of Hes!. Ligation prod-
ucts were analyzed and confirmed by sequencing. Plasmids pCMV2-FLAG-
Hesl, pCMV2-FLAG-Hes1AWRPW, pEBG-Hesl, and pEBG-HesAWRPW
have been described previously (12, 23, 24). Plasmids pFOX-Lucl, pFOX-ngn3p-
Lucl (containing a portion of the neurogenin3 [ngn3] promoter extending ~2.6
kbp upstream of the transcription start site) and pFOX-AN-box-ngn3p-Lucl
(containing a mutated version of the ~2.6-kbp ngn3 promoter lacking the Hes1-
binding sites located within 200 bp proximal to the transcription start site) have
been described previously (20).

Transient transfections, protein-protein interaction assays, and Western blot
analysis. Human 293A cells were cultured and transfected by using the Super-
Fect reagent (Qiagen) as described previously (23-25). When appropriate, trans-
fected cells were incubated for 6 h in the presence of 10 puM MG132 (Calbio-
chem) prior to cell lysis. Treatment of cell lysates with calf intestinal phosphatase
was performed as described previously (14). To examine the effect of Hes6 on
Hesl stability, cells were transfected for 36 h with pCMV2-FLAG-Hesl/
HesIAWRPW (50 ng/transfection) in the absence or presence of Hes6,
Hes6AWRPW, or Hes6(S183A) expression plasmids (200 to 800 ng/transfec-
tion). To examine the effect of Hes6 on the Hes1-Gro/TLE interaction, cells were
transfected for 24 h with Hes1 or HesIAWRPW expression plasmids (100 to 200
ng/transfection) in the absence or presence of Hes6 or HesoAWRPW expression
plasmids (100 to 200 ng/transfection). Cell lysates were prepared, and GST
coprecipitation (23, 24), immunoprecipitation (14, 40), and Western blotting (6,
25, 28) studies were performed as described previously. The antibodies used were
panTLE (6, 28, 34), anti-GST and anti-GAL4bd (Santa Cruz Biotechnology),
antihemagglutinin (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
previously (12, 23). Roughly 50 ng of each fusion protein was resuspended in
buffer A (50 mM Tris-HCI [pH 7.6], 10 mM MgCl,, 1 mM EDTA, 1 mM
dithiothreitol, 0.1% Triton X-100, 200 wm ATP) containing 200 wCi of
[y-**P]ATP per ml in the presence of 0.5 U of purified protein kinase CK2 (New
England Biolabs) per pl for 15 min at 30°C. Reactions were terminated by the
addition of 2X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer and incubation at 65°C for 5 min. After gel electrophore-
sis, proteins were transferred to nitrocellulose and exposed to film. After auto-
radiography, 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 em-
bryonic day 13.5 (E13.5) mouse embryos as described previously (10, 33). Cells
were seeded into either four-well chamber slides (Nalge Nunc International) for
immunocytochemical studies or six-well dishes (BD Labware) for transcription
assays. All chambers and dishes were coated with 0.1% poly-p-lysine and 0.2%
laminin (BD Biosciences). Cells were cultured in Neurobasal medium supple-
mented with 1% N2, 2% B27, 0.5 mM glutamine, 1% penicillin-streptomycin
(Invitrogen), and 40 ng of fibroblast growth factor 2 (Collaborative Research)
per ml.

Transient-transfection and transcription studies with neural progenitor cells.
Approximately 1.5 X 10° cells/ml were seeded at the start of the experiments.
After 24 h 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 (the total amount of DNA was adjusted to 2.0 pg/well in each trans-
fection) with OptiMEM medium (Invitrogen). An equal volume of OptiMEM
medium was mixed separately with Lipofectamine 2000 reagent (Invitrogen)
(1.25 pl/ug of DNA) and then combined with the DNA mixture and incubated
for 20 min. The DNA-Lipofectamine 2000 mix was then added dropwise to each
well. In each case, a pRSV-B-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 B-galactosidase activ-
ities were determined as described previously (23-25). Results were expressed as
mean values * standard deviations (SD).

Immunocytochemical analysis of differentiating neural progenitor cells. Ap-
proximately 4 X 10° cells/ml were seeded at the start of the experiments. After
48 h in vitro, cells were transfected 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 analysis of the expression of GFP (left panels) or MAP2 (middle panels). The combined GFP
and MAP?2 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 = SD (n = 5). *, P <

0.01; **, P < 0.001.

ing either enhanced green fluorescent protein (GFP) alone (0.2 pg/well) or
combinations of GFP and Hes6, HesoAWRPW, or Hes6(S183A) (0.5 pg of Hes6
plasmid per well). The total amount of DNA was adjusted to 1.0 ng. Cells were
allowed to differentiate until day 4 to 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 cells), or MAP2 or
NeuN (markers of differentiated 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 Northern
Eclipse software (Empix Inc.). Results were expressed as mean values = SD.

RESULTS

Promotion of cortical neurogenesis by Hes6. Hes6 was
shown to promote neuronal differentiation 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 Hesb6 in primary cultures of
neural progenitor cells isolated from the dorsal telencephalons
of E13.5 mouse embryos. These cortical progenitors endog-
enously express Hes6 (reference 3 and data not shown), as well
as Hesl and Gro/TLE (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 differentiated
neurons compared to that with GFP alone, as revealed by
immunocytochemistry with antibodies against the neuron-spe-
cific protein MAP2 (Fig. 1A 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 Gro/TLE. 293A cells were transfected with plasmids encoding the indicated GST fusion proteins.
Cell lysates were collected, and the fusion proteins were isolated on glutathione-Sepharose beads. The precipitated material (Pull-Down) was
subjected to SDS-PAGE (lanes 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 all Gro/TLE proteins
(panTLE) (A) or anti-GST antibodies (B). Positions of size standards are indicated in kilodaltons.

differentiated neural progenitor cells expressing the protein
nestin (Fig. 1C, cf. bars 1 and 2). These results thus show that
Hes6 promotes cortical neuronal differentiation. Since previ-
ous studies have shown that the neurogenic ability of Xenopus
Hes6 does not require its carboxy-terminal WRPW motif in-
volved in Gro/TLE binding (19), we next examined whether
Hes6AWRPW, a truncated form lacking this motif, would
also promote cortical neuronal differentiation. Exogenous
Hes6AWRPW also caused an increase in the number of dif-
ferentiated neurons, although less effectively than Hes6 (Fig.
1B, cf. bars 1 to 3). Hes6 and HesoAWRPW were expressed at
equivalent levels (see Fig. 3A). Together, these findings
strongly suggest that Hes6 promotes the differentiation of cor-
tical progenitor cells 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 HesosAWRPW 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 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 antineurogenic activity of
Hesl1. Both Hes1 and Hes6 bind to Gro/TLE (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 cells but not in differentiated neurons, where
Hes6 continues to be expressed while Hes! is down-regulated
(3, 19, 32). This suggested that Hes6 might act as a negative
regulator of Hesl activity in neural progenitors by competing
with Hesl 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 Gro/TLE (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 proteins

(Fig. 2B, cf. lanes 5 and 7) resulted in the coprecipitation of
equivalent amounts of endogenous Gro/TLE (Fig. 2A, cf. lanes
5 and 7). In contrast, expression of fusion proteins of GST and
truncated forms of Hes6 or Hesl 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 Gro/TLE binding (24).
These findings show that Hesl and Hes6 interact with Gro/
TLE with similar affinities when they are expressed at equiva-
lent levels.

Effect of Hes6 on the interaction of Hes1 with Gro/TLE. To
directly test whether Hes6 might compete with Hesl1 for Gro/
TLE binding, we performed Hes1-Gro/TLE coimmunoprecipi-
tation studies in the absence or presence of Hes6. 293A cells
were transfected with FLAG epitope-tagged Hesl, followed by
immunoprecipitation with anti-FLAG antibodies. In the ab-
sence of HA-Hes6 (Fig. 3A, lane 1), Gro/TLE coimmunopre-
cipitated efficiently with Hesl (Fig. 3E, lane 1). When Hes6
was coexpressed with Hesl (Fig. 3A, lane 2), we observed a
significant decrease in the amount of Gro/TLE that coimmu-
noprecipitated with Hesl (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 Hesl (Fig. 3B and D, cf. lanes 1 and 2) and had no
negative effect on the expression of endogenous Gro/TLE (Fig.
3C), suggesting that the decreased Gro/TLE 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 reflect the
actual relative amounts of these factors, because different an-
tibodies were used for each protein and blots were not devel-
oped for equal lengths of time. To test whether the reduction
in Hes1-Gro/TLE coimmunoprecipitation resulted from a ti-
tration effect mediated by Hes6 homodimers, the same assays
were performed with HesoAWRPW (Fig. 3A, lane 3). This
protein also caused a decrease in Gro/TLE coimmunoprecipi-
tation with Hesl, although this reduction was not as robust as
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FIG. 3. Inhibition of the coimmunoprecipitation of Gro/TLE with Hes1 by Hes6 and HesoAWRPW. 293A cells were transfected with plasmids
encoding Hes1 or HesIAWRPW in the absence or presence of HA-Hes6 or HA-Hes6)AWRPW, as described in Materials and Methods. One-tenth
of each cell lysate was subjected to SDS-PAGE (A to C) and the remaining lysates 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-Gro/TLE (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
Gro/TLE, 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
Hes6AWRPW did not affect the levels of Hesl or Gro/TLE
(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 Gro/TLE with Hesl (Fig. 4D, cf.
lanes 1 to 3) without significantly affecting the expression of
either Hesl (Fig. 4B, lanes 1 to 3) or Gro/TLE (Fig. 4C, lanes
1 to 3). GAL4bd-HesoAWRPW 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
Hes1AWRPW, followed by immunoprecipitation with anti-
FLAG antibodies. As expected, in the absence of cotrans-
fected Hes6, Gro/TLE did not coimmunoprecipitate with
HesIAWRPW (Fig. 3E, lane 7). In contrast, Gro/TLE coim-
munoprecipitated with HesIAWRPW when the latter was co-
transfected with Hes6 (Fig. 3E, lane 4) but not with
Hes6AWRPW (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

HesAWRPW was not affected by Hes6 expression (Fig. 3B
and D). Taken together, these findings demonstrate that Hes6
can antagonize the interaction of Hesl with Gro/TLE. 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 Gro/TLE binding.

Effect of Hes6 on stability of Hes1. 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 gradual decrease of FLAG-
Hesl immunoreactivity (Fig. SA and B, cf. lanes 1 to 3). A
similar effect was observed when Hes6AWRPW 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 HesIAWRPW 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 §). In
contrast, HesoAWRPW had no significant effect on
HesAWRPW levels (Fig. 5A, cf. lanes 6, 9, and 10). These
findings were specific, because the levels of endogenous Gro/
TLE were not affected by either Hes6 or HesoAWRPW (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-Hes6)AWRPW also caused a de-
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FIG. 4. Inhibition of the coimmunoprecipitation of Gro/TLE with
Hesl by Hes6 and Hes)oAWRPW. 293A cells were transfected with
plasmids encoding the indicated combinations of proteins, as described
in Materials and Methods. Cell lysates were collected and subjected to
Western blotting (WB) with anti-GAL4bd (A) or anti-Gro/TLE
(C) antibodies (Ab.) or immunoprecipitation (IP) with anti-FLAG
antibodies followed by Western blotting with anti-FLAG (B) or anti-
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of migration of Hesl. IgG H., immunoglobulin G heavy chains. Posi-
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crease in Hesl 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 Hes1 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
MG132 (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 specific,
because it was not observed when HesbAWRPW was tested
(Fig. 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/TLE (Fig. 6C, lanes 3 and 4). We also observed that the
decrease in full-length 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 Hesb6 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
prone to degradation when it is competent to associate with
Gro/TLE or because 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 effect on the stability of Hesl. To test this,
Hesl1 was expressed in the absence or presence of increasingly
high levels of Hes6. We found that the gradual decrease in
Hesl stability induced by transfecting increasing amounts of

- e D e = @™ WB: FLAG Ab.

e = s ® \WB. HA Ab.

———— —— — — — = \\B: Gro/TLE Ab.

1 2 3 4

6 7 8 9 10

FIG. 5. Effect of Hes6 expression on Hesl stability. 293A cells were transfected with either FLAG-Hesl or FLAG-HesIAWRPW (50
ng/transfection), as indicated, in the absence (lanes 1 and 6) (HA vector) or presence of increasing amounts of HA-Hes6 or HA-Hes6cAWRPW
(200 ng/transfection in lanes 2, 4, 7, and 9 or 600 ng/transfection in lanes 3, 5, 8, and 10). Cell lysates 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.
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FIG. 6. Analysis of Heso6 stability. (A to C) 293A cells were trans-
fected with the indicated combinations of proteins and then incubated
in the absence or presence of MG132 as indicated, followed by cell lysis
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 MG132. In contrast, the levels of
Hes6AWRPW (panel A, lanes 4 and 5), GAL4bd-HesoAWRPW (pan-
el B, lanes 4 and 5), Hesl (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 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 gradual 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 Hesl1. This in
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turn raises the possibility that Hes1 becomes targeted for deg-
radation due to its association with Hes6. This process is max-
imally effective when both Hes1 and Hes6 contain the WRPW
motif involved in Gro/TLE 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 Gro/TLE. Since these
effects are predicted to impair Hesl-mediated transcriptional
repression, we next tested the possibility that Hes6 might sup-
press the ability of Hes1 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. Hes1 has been shown previously to specifically bind to
this promoter and repress its activity (20). We found that the
ngn3 promoter drove strong expression of the reporter gene in
transfected neural progenitors and that Hesl significantly sup-
pressed transcription from this promoter (Fig. 7A, cf. bars 1
and 2). When increasing amounts of Hes6 were cotransfected,
Hesl1-mediated repression was progressively reduced (Fig. 7A,
cf. bars 2 to 4). Expression of Hes6AWRPW also resulted in an
inhibition of Hes1-mediated repression (Fig. 7A, bars 5 and 6).
Control experiments showed that neither Hes6 nor
Hes6AWRPW had an activating effect on the ngn3 promoter
when transfected in the absence of Hesl (Fig. 7A, bars 12 and
13). Moreover, no significant effects were observed when the
ngn3 promoter was mutated to delete the Hesl-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-Gro/TLE complex formation (or a combina-
tion of both). We hypothesized that transcriptional repression
mediated by a chimeric protein in which Hesl was constitu-
tively associated with Gro/TLE might be suppressed by Hes6 if
that involved a proteolysis of Hesl but not if it required an
inhibition of Hesl-Gro/TLE interaction. A fusion protein
(HesIAWRPW:Gro/TLEL1) in which the WRPW motif of Hes1
was removed and the entire sequence of Gro/TLE1 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 Hesl (Fig. 7A, cf. bars 2 and 7). We found that co-
transfection of increasing amounts of Hes6 had a derepression
effect on HeslAWRPW:Gro/TLE1, 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 transcriptional repression activity even when
Hesl is constitutively bound to Gro/TLE, strongly suggesting
that an inhibition of the Hes1-Gro/TLE 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 Hes)AWRPW
had an inhibitory effect on Hes1 (Fig. 7A, cf. bars 2, 5, and 6),
it had no significant effect on HeslAWRPW:Gro/TLE1 (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 HesoAWRPW. Primary cultures of neural progenitor cells isolated
from the dorsal telencephalons of E13.5 mouse embryos were transfected with either the pFOX-ngn3p-Lucl (A) or the pFOX-AN-box-ngn3p-Lucl
(B) reporter construct, as indicated, in the absence or presence of Hes1 or HeslAWRPW:Gro/TLE1 and the indicated amounts (per transfection)
of either HA-Hes6 or HA-Hes6AWRPW. 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 Hes1AWRPW:Gro/TLE1 by using antibodies against
the amino-terminal FLAG epitope showed that Hes6 caused a
significant reduction in immunoreactivity compared to controls
(Fig. 8A, cf. lanes 2 and 3), indicating that Hes6 promotes
degradation of HesIAWRPW:Gro/TLEL. Both GAL4bd-Hes6
and HA-Hes6 had the same effect on the expression of
HesAWRPW:Gro/TLE1 (data not shown). In contrast,
Hes6AWRPW did not affect the expression of this fusion pro-

tein (Fig. 8A and B, cf. lanes 2 and 4), consistent with the lack
of a negative effect of Heso)AWRPW on the transcription re-
pression ability of HesIAWRPW:Gro/TLE1 described above.
Reprobing with anti-Gro/TLE antibodies directed against the
carboxy-terminal domain of this fusion protein confirmed that
Hes6AWRPW did not decrease the expression of HesIAWRPW:
Gro/TLEL1 like Hes6 did (Fig. 8C, 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 HesIAWRPW:Gro/TLE1. 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-GAL4bd (B), or anti-Gro/TLE

(C) antibodies. Positions of size standards are indicated in kilodaltons.

was not correlated with detectable immunoreactive species
migrating between endogenous Gro/TLEs (Fig. 8C) and full-
length HesAWRPW:Gro/TLE1 (Fig. 8C) or lower forms of
smaller size. These observations suggest that Hes6 expression
caused a general proteolysis of the Hesl AWRPW:Gro/TLE1
fusion protein 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 strongly suggest that the promotion
of Hesl proteolysis by Hes6 is important for this inhibitory
effect.

Involvement of Ser183 in the ability of Hes6 to promote
Hes1 degradation and neuronal differentiation. Previous stud-
ies (37) have shown that the Drosophila Hes family members
Enhancer of split m5, m7, and m8 contain an evolutionarily
conserved sequence motif characterized by a carboxy-terminal
consensus site for phosphorylation by protein kinase CK2,
defined as (S/T)(D/E)X(D/E), preceded at a short distance by
the sequence SP(A/V)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 signals that regulate protein turnover and have been
suggested to be activated via phosphorylation (27, 31). The
Drosophila m5, 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.org/embnet/
tools/bio/PESTfind), we identified a conserved potential PEST
sequence at the carboxy termini of mouse and human Hes6
proteins (Fig. 9A) (PEST score, +13.02; PEST scores of
greater than +5 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. lanes 1 and 2). In addi-
tion, purified protein kinase CK2 directly phosphorylated a
fusion protein of GST and Hesb6 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(S183A) was
present at higher levels than wild-type Hes6 (Fig. 9C and D, cf.
lanes 2 and 4). Hes1, 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 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
m5, m7, and m8 (37). Invariant residues are indicate in boldface. (B) 293A cells were transfected with HA-Hes6, and cell lysates 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, 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 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 specific 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 Hes1 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 (Fig. 10A 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 Hesl
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 Hesb6 led to the differentiation of super-

numerary neurons (Fig. 10C, cf. bars 1 and 2) and a decrease
in undifferentiated progenitors (Fig. 10D, cf. bars 1 and 2). In
contrast, Hes6(S183A) did not promote similar effects (Fig.
10C 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 Hesl functions and promote neuronal development.

DISCUSSION

Involvement of Hes6 in neuronal differentiation. 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 SI83A mutation on Hes6 functions. (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). Cell lysates 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 results from 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 combination of GFP and Hes6 or GFP
and Hes6(S183A). Forty-eight hours 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 means = SD
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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 protein, 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, Hes1 inhibits transcription from proneural gene promot-
ers (4, 20) and the expression of proneural genes is prema-
turely activated in HesI nullizygous mice (16), suggesting that
Hesl 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 com-
bination of molecular and cellular investigations that have
characterized two complementary mechanisms that Hes6 may
utilize to negatively regulate Hesl activity and positively reg-
ulate neuronal differentiation.

Inhibition of Hes1-Gro/TLE interaction by Hes6. Our stud-
ies have shown that the interaction of Hes1 with its transcrip-
tional corepressor Gro/TLE is reduced when Hes6 is coex-
pressed at levels that do not have a significant effect on the
stability of either Hes1l or Gro/TLE. This effect is unlikely to
result solely from a competition for Gro/TLE between Hes6
and Hesl homodimers, because a truncated form of Hes6 that

is unable to bind to Gro/TLE also inhibits the interaction of
Hesl with the latter. Our finding that HesAWRPW-Hes6
heterodimers, which have only one WRPW motif, appear to
interact with Gro/TLE like Hes1-Hes6 heterodimers, which
have both WRPW motifs, suggests instead that Hesl-Hes6
heterodimers interact more poorly with Gro/TLE 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 Hes1 and
Hes6. Gro/TLE 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 Gro/
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 Gro/TLE and Hes1-Hes6
heterodimers. In either case, the formation of Hes1-Hes6 het-
erodimers that interact poorly with Gro/TLE is likely to pre-
vent or reduce the interaction of Hesl homodimers with Gro/
TLE, thereby depriving Hesl of its critical transcriptional
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
Hes1 suppression, namely, the targeting of Hes1-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 gradual 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 Hes1 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 protein 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 lineage. 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
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protein activity by Hes1 is thought to involve the formation of
heterodimers between Hesl and ubiquitous bHLH proteins
such as E47, thus titrating away the latter from the proneural
proteins. Proteolytic degradation of Hesl 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 MG132 on Hes6 are still unclear and likely involve
indirect effects resulting from either the MG132-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 includes 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
protein kinase CK2 was shown to negatively affect intrinsic
protein stability (22, 27, 31). The Drosophila 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 Hesl, 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 Drosophila Enhancer of
split proteins.

Our studies have also shown that maximal Hes6-mediated
degradation of Hesl is correlated with a decreased stability of
Heso6 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 Hesl
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 Gro/TLE binding
compared to homodimers of either protein. This may lead to
the formation of misfolded Hes1-Hes6-Gro/TLE 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 Gro/TLE, re-

MOLECULAR MECHANISMS OF Hes6 FUNCTION 6933

sulting in the formation of properly folded complexes with
increased stability.

The possibility that enhanced proteolysis of Hesl 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 Hesl degradation promoted
by Hes6. Moreover, HesoAWRPW had no detectable effect on
the stability of the chimeric protein HesIAWRPW:Gro/TLE1,
in contrast to the significant degradation induced by full-length
Hes6. In addition, heterodimers of Hesl and Hes6 do not
efficiently coimmunoprecipitate with Gro/TLE, 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
Hesl and Hes6 to heterodimerize (data not shown), these
observations suggest that heterodimers of Hesl 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 Hes1-
Hes6 heterodimers are prone to increased degradation when
they form complexes with Gro/TLE. 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 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(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 Hesl-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
whether the WRPW motif mediates interactions with proteins
other than Gro/TLE. In addition, we cannot rule out the pos-
sibility that the destabilizing effect of Hes6 on Hesl 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 HesoAWRPW, which cannot recruit the Gro/TLE core-
pressor and was shown to be unable to mediate transcriptional
repression when fused to GAL4bd (9), also promotes Hesl
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 Hesl-mediated transcriptional repression
by Hes6. To begin to elucidate whether different mechanisms
of Hesl 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. Both Hes6 and HesoAWRPW
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
Hesb6 requires its WRPW motif to repress transcription when
targeted to DNA as a fusion protein with GAL4bd (9). More-
over, this finding also argues against a mechanism involving
solely a competition for Gro/TLE between Hesl and Hes6
homodimers. To determine whether Hes1 suppression was the
result of the inhibition of the interaction of Hesl with Gro/
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 Hesl is constitutively bound to Gro/TLE. This
fusion protein represses transcription in cortical progenitor
cells like full-length Hesl, and its repressive ability should not
be affected by conditions that would otherwise inhibit Gro/
TLE recruitment. Our investigations have revealed that Hes6
still has an inhibitory effect on HesIAWRPW:Gro/TLEL1, 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 HesoAWRPW, which does not promote a signifi-
cant proteolysis of HeslAWRPW:Gro/TLE1, 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 Hesl in cortical neural
progenitor cells.

Promotion of cortical neurogenesis by Hes6. 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 supernumerary progenitors into the neuronal
lineage. Because neural progenitor cells of the dorsal telen-
cephalon express proneural proteins such as Ngnl 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
Hesl-mediated transcriptional repression in cortical progeni-
tors, we propose that the inhibition of Hesl 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 residual levels of Hes1 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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