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Abstract

The Hairy-related bHLH proteins function as transcriptional repressors in most cases and play important roles in diverse aspects
of metazoan development. Recently, it was shown that the Drosophila bHLH repressor proteins, Hairy and Deadpan, bind to and
function with the NAD"-dependent histone deacetylase, Sir2. Here we demonstrate that the human Sir2 homologue, SIRT1, also
physically associates with the human bHLH repressor proteins, hHES1 and hHEY?2, both in vitro and in vivo. Moreover, using the
reporter assay, we show that both SIRT1-dependent and -independent deacetylase pathways are involved in the transcriptional
repressions mediated by these bHLH repressors. These results indicate that the molecular association between bHLH proteins and
Sir2-related proteins is conserved among metazoans, from Drosophila to human, and suggest that the Sir2-bHLH interaction also

plays important roles in human cells.
© 2003 Elsevier Science (USA). All rights reserved.
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The basic helix-loop-helix (bHLH) superfamily
of transcription factors consists of a large number of
proteins and plays important roles as activators or re-
pressors in diverse aspects of development [1-4]. Hairy-
related proteins comprise one subfamily of bHLH and
in most cases function as transcriptional repressors [5].
The Hairy-related bHLH protein shows unique struc-
tural features that are not shared by bHLH activators:
They possess a proline at a specific position in the basic
region, a motif called the Orange domain immediately
C-terminal to the bHLH domain, and a four-amino-acid
motif, WRPW, or its related sequences at the C-termi-
nus [6]. Besides these specific amino acid sequences, the
bHLH domain of the Hairy-related proteins shows
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general features distinct from those of the activator
bHLH. Accordingly, the preferred DNA binding se-
quence of the Hairy-related bHLH proteins may be
different from that of activator bHLH proteins. For
example, the activator bHLH, by forming either ho-
modimers or heterodimers, binds to the E-box sequence
(CANNTG) [7]. In contrast, some of the Hairy-related
bHLH proteins preferentially bind to the N-box se-
quence (CACNAG) [8,9].

A detailed amino acid sequence comparison subdi-
vided the Hairy-related bHLH family into four groups,
namely, Hairy, E(spl) (Enhancer of split), Hey, and
Stral3 [6]. The Hairy subfamily, represented by Dro-
sophila Hairy and its mammalian homologue Hesl,
shows typical features of the Hairy-related bHLH
proteins, including the proline in the basic region and
the C-terminal WRPW sequence [8,10,11]. In contrast,
the Hey subfamily, represented by the mouse Hey2 and
its zebrafish homologue, Gridlock (GRL), has glycine
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instead of proline in the basic region, and a YXXW
sequence at the C-terminus [12-17].

Genetic studies clearly demonstrated that the Hairy-
related bHLH repressors antagonize the activator
bHLH proteins, thereby preventing differentiation in-
duced by the activators [3,5]. The repression of differ-
entiation-inducing genes by the Hairy-related bHLH
proteins appears to be achieved through multiple mo-
lecular pathways. The finding that the C-terminal
WRPW tetrapeptide sequence of the Hairy and related
proteins mediates repression by recruiting the co-re-
pressor, Groucho, and its mammalian homologue,
TLE, established the role of the Hairy-related bHLH
protein as an autonomous transcriptional repressor
[18-20]. Groucho itself has no enzymatic activity, but it
was shown that Groucho directly interacts with the
histone deacetylase, HDACI1/Rpd3, indicating that the
repression activity in this case involves chromatin
modification [21]. Similarly, Heyl and Hey2 (alterna-
tively called HERP2/Hesr1/HRT1/CHF2 and HERP1/
HRT2/CHF1/GRL, respectively) have their own au-
tonomous repression activities [12,22,23]. Interestingly,
however, the transcriptional repression domain of Hey
proteins resides not at the C-terminal tetrapeptide-re-
lated sequences, but at the bPHLH domains. The bHLH
domain of Hey proteins recruits the mSin3 complex
that contains the histone deacetylase HDACI1 [22].
Therefore, it appears that multiple pathways, including
hitherto-unknown ones, are involved in the transcrip-
tional repression mediated by the Hairy-related bHLH
proteins.

Sir2 is a novel type of histone deacetylase that re-
quires NAD" as a co-factor [24-26]. Sir2 was originally
isolated as one of the genes essential for the silencing
of the yeast silent mating type loci [27]. Subsequent
studies revealed that Sir2 is required for heterochro-
matin formation at yeast telomeres and the rDNA
arrays and is involved in longevity [28,29]. However,
the physiological function of Sir2 in higher eukaryotes
remains largely uncharacterized. Recently, it was re-
ported that Drosophila Sir2 interacts genetically and
physically with Hairy and Deadpan (another member
of the Hairy subfamily) [30], further expanding the
repression mechanisms mediated by the Hairy-related
bHLH proteins. In mammal, the human SIRTI1 and
mouse SIR2a proteins show the closest similarities to
the yeast and fly proteins [24,31]. In this report, we
show that human SIRTI1 also physically and func-
tionally interacts with the Hairy-related bHLH pro-
teins. Specifically, we found that SIRT1 interacts with
both human HES1 (hHESI1, the Hairy homologue) and
HEY2 (hHEY2). Therefore, the interaction between
Sir2 and Hairy-related proteins is conserved phyloge-
netically and shared by at least proteins belonging to
the two subfamilies of Hairy-related proteins, the
Hairy and the Hey subfamilies.

Materials and methods

Cell cultures. All cells were cultured with supplementation of 10%
FCS, L-glutamine, penicillin, and streptomycin and grown in 5% CO,
at 37°C. PBS(-) (phosphate-buffered saline) without magnesium and
calcium was used in this work. FuGENE6 (Roche) was used to
transfect various cell lines.

Isolation of SIRTI gene. Human SIRT1 gene was obtained by
screening the cDNA library prepared from poly(A)™ RNA of PA-1
cells using the ZAP-cDNA Synthesis Kit and the lambda ZAP II
Predigested EcoRI/CIAP-Treated Vector Kit (Stratagene) according to
the manufacturer’s protocol. The cDNA was synthesized using ol-
igo(dT) primer. An EcoRV—Xbal fragment of SIRTI1 full-length
cDNA was cloned into pBluescript SK(—) (pBST-SIRT1). To generate
the SIRTIH363Y mutant, the ExSite PCR-Based Site-Directed Mu-
tagenesis Kit (Stratagene) was used to create the point mutation (CAT
to TAT) at codon 363.

Isolation of hHESI and hHEY?2 genes. hHES1 and hHEY2 cDNAs
were obtained by PCR amplification from Full-Length Clones (Invi-
trogen). Due to the GC-rich nature of the hHES1 cDNA, we used the
Advanced-GC cDNA Kit (BD Biosciences). The PCR products were
cloned into pT7Blue T-Vector (Novagen) and sequenced. A series of
hHESI derivatives were generated by PCR amplification.

Construction of expression plasmids. A BamHI-Notl fragment of
pBST-SIRT1 was used to create the expression vectors. Recombinant
proteins were expressed in Escherichia coli using pGEX-5X-1 and
pGEX-5X-2 vectors (Amersham). For the co-immunoprecipitation
assay, cDNAs encoding hHES1 or hHEY?2 tagged with the HA epitope
at their N-termini were subcloned to pcDNA3 (Invitrogen), trans-
fected, and expressed in 293T cells. The ORF encoding GAL4 DNA
binding domain, which was obtained from pDBLeu (Invitrogen), was
inserted into the HindI11-Nhel site of pcDNA3-HA-hHESI derivatives
in frame (effector vector). For the luciferase assay, the reporter vectors
pBA-luc and pUAS-BA-luc were used [32,33]. The pBA-luc vector was
a gift from Dr. Ryoichiro Kageyama (Kyoto University).

Antibody production. Anti-SIRT1 antibody was affinity-purified
from rabbit antisera directed against a synthesized oligopeptide of the
carboxyl terminus of SIRT1, CLEDEPDVPERAGG (BEX, Tokyo).
This anti-SIRT1 antibody did not recognize mouse Sir2a (SIRT1 ho-
mologue).

Recombinant proteins. GST-fused recombinant proteins were ex-
pressed in E. coli XLI-blue MRF’ (Stratagene). The cells were lysed by
sonication in PBS(-) supplemented with protease inhibitor cocktail
(Complete, Roche). After sonication, Triton X-100 was added and the
mixture was rotated at 4 °C for 30 min. Then, GST-fused recombinant
proteins were purified using glutathione-Sepharose 4B (Amersham).

GST pull-down assay. Ten ng of GST-fused SIRT1 proteins or GST
alone was incubated with 33S-labeled in vitro translated hHES1 protein
in the binding buffer (PBS with 0.1% Nonidet P40 and protease in-
hibitor cocktail (Complete, Roche)) for 60 min on ice. The previously
prepared glutathione—Sepharose beads were added to the mixture and
rotated at 4 °C for 60 min. After rotation, the beads were washed three
times with the binding buffer and resolved using 12% SDS-PAGE.
Bound proteins were analyzed by BAS (Fuji film) or autoradiography.
Ten pg of GST-fused hHES1 or hHEY?2 derivative proteins or GST
alone was incubated with S-labeled in vitro translated SIRT1 protein
in the binding buffer described above.

Immunoprecipitation. Lysates of 293T cells transiently expressing
HA-hHESI (or HA-hHEY?2) and SIRT1-FLAG were incubated with
5 pg of anti-HA monoclonal antibody (HA.11, BAbCO) or anti-FLAG
M2 monoclonal antibody (Sigma) overnight. Fifty pl of protein G-
Sepharose beads was added to the lysates and rotated at 4 °C for 2 h.
The immune complex was collected, washed three to five times, and
resolved using 6% or 12% SDS-PAGE.

Western blot analyses. Proteins on the gels were transferred to
PVDF membranes (Immobilon, Millipore) at 15V for 45min. After
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blotting, the membranes were blocked in Block Ace (Dainippon
Pharmaceuticals) for 2h at room temperature, incubated with anti-
SIRT1 antibody, anti-FLAG monoclonal antibody or anti-HA
monoclonal antibody for 1h at room temperature, and washed thrice
with TBS-T (20mM Tris—HCI, pH 7.5, 140mM NacCl, and 0.05%
Tween 20). Anti-rabbit or mouse Ig conjugated with horseradish per-
oxidase (Amersham) was used as the secondary antibody. The primary
and secondary antibodies in 1/10 Block Ace were incubated with the
membranes. The membranes were washed four times for 10 min with
TBS-T after incubation. The specific proteins were detected using ECL
(Amersham) and X-ray films (Hyperfilm MP, Amersham).

Luciferase assays. NIH 3T3 cells were transfected using FuGENE6
(Roche) with the effectors (pcDNA3-GAL4-hHESI, pcDNA3-GAL4-
hHEY2, pcDNA3-SIRTI-FLAG, and pcDNA3-SIRTIH363Y-FLAG)
and the reporter constructs (ppA-luc and pUAS-BA-luc) and luciferase
assays were performed (Promega).

Results

Physical interactions of human SIRTI with hHESI and
hHEY?2 in vivo

To investigate whether SIRT1 interacts physically
with hHESI in vivo, we performed co-immunoprecipi-
tation experiments (Figs. 1A and B). 293T cells were
transiently transfected with FLAG-tagged SIRT1 and/
or HA-tagged hHESI. The cell lysates were immuno-
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Fig. 1. SIRTI associates with hHES1 and hHEY?2 in vivo. (A) 293T
cells were transfected with combinations of plasmid DNAs expressing
the indicated recombinant proteins. When the plasmids were not
transfected (indicated by —), empty expression vectors were transfected
instead. Cell extracts were obtained after transfection for 48h and
immunoprecipitated with antibodies indicated at the top of the panel
(IP-Ab). The precipitated proteins was analyzed in Western blot ex-
periments using anti-FLAG antibodies. As control, 1% of the pre-
immunoprecipitated cell extracts was also analyzed (1% input). (B)
Similar experiments to A, except that anti-HA antibodies were used in
Western blot experiments. (C) Similar experiments to A and B, except
that HA-hHEY2-expressing plasmid was used instead of HA-hHESI1-
expressing plasmid.

precipitated with anti-HA or anti-FLAG antibodies and
the precipitated fractions were analyzed by Western
blotting using anti-FLAG or anti-HA antibodies, re-
spectively. Human SIRT1-FLAG was co-immunopre-
cipitated with anti-HA antibodies only when HA-hH
ES1 and SIRTI-FLAG were simultaneously overex-
pressed (Fig. 1A, lane 12). Reciprocally, HA-hHESI
was co-immunoprecipitated with anti-FLAG antibodies
only when SIRT1-FLAG was simultancously overex-
pressed (Fig. 1B, lane 12). These results demonstrated
that SIRTT1 associates with hHES]1 in vivo.

It has been suggested that Hesl functions by forming
a heterodimer with Hey2 in vivo [22]. To test whether
SIRT1 also possesses the capability to form a protein
complex with hHEY?2, we performed similar co-immu-
noprecipitation experiments (Fig. 1C). SIRT1-FLAG
was co-immunoprecipitated with anti-HA antibody only
when SIRTI1-FLAG and HA-hHEY2 were simulta-
neously overexpressed. These results indicated that
SIRT1 associates with both hHES1 and hHEY?2 in vivo.

Human SIRTI directly interacts with hHES1 and hHEY2
in vitro

To confirm the physical interaction of SIRTI1 with
hHES1 and hHEY?2, we performed an in vitro pull-
down assay. Purified GST-SIRT1 or GST alone was
incubated with %S-labeled in vitro translated HA-
hHES1 or HA-hHEY?2 protein. The GST-fusion pro-
teins as well as the associated proteins were purified
using glutathione—Sepharose 4B beads and analyzed by
autoradiography. The results demonstrated that both
full-length HA-hHES1 and HA-hHEY?2 specifically in-
teracted with GST-SIRT1 but not with GST (Figs. 2A
and B). The reciprocal experiment revealed that **S-la-
beled in vitro translated SIRTI-FLAG specifically
bound to GST-hHESI, but not to GST (Figs. 2C, lanes
1 and 5). Because only very limited amounts of soluble
GST-hHEY?2 could be prepared, we could not perform a
similar experiment using the GST-hHEY2. However, a
truncated version, GST-hHEY2AC, was shown to bind
to SIRT1-FLAG as described below.

To map the region in hHESI responsible for inter-
acting with SIRTI1, we performed pull-down experi-
ments using a series of hHES1 deletion mutants (Figs.
2C and D; see Fig. 2F for the structures of the deletion
mutants). While the N-terminal deletion (hHESIAN)
that lacked bHLH did not associate with SIRT1 (Fig.
2C, lane 4), the C-terminal deletion (hHESIAC) that
possessed bHLH but lacked the Orange domain or its C-
terminal region significantly associated with SIRT1 (Fig.
2C, lane 3). Finally, the hHES1 bHLH domain alone
(hHES1-bHLH) efficiently bound to SIRTI, but the
most N-terminal region that lacks bHLH (hHES1-N31)
did not (Fig. 2D, lanes 4 and 3, respectively). Because
of difficulty in preparing recombinant GST-hHEY?2
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Fig. 2. SIRT1 associates with hHES1 and hHEY?2 in vitro. (A—E) **S-labeled recombinant proteins were prepared using the rabbit reticulocyte lysate
system. The lysates were incubated with the GST-fusion proteins as indicated. GST-fusion proteins and the associated proteins were purified by using
glutathione-Sepharose 4B beads. The presence of the labeled proteins was examined by SDS-PAGE and autoradiography. As control, 5% of the
input protein mixtures that were not treated with glutathione—Sepharose beads was analyzed (5% input). (F) Structures of the recombinant hHESI
and hHEY?2 proteins used in (A-E). These recombinant proteins correspond to the following regions of the full-length proteins (hHESI, 280 a.a. and
hHEY2, 337 a.a.): hHESIAN, a.a. 96-280; hHES1AC, a.a. 2-104; hHES1-bHLH, a.a. 32-93; hHES1-N31, a.a. 2-31; hHEY2, a.a. 2-337; and
hHEY2AC, a.a. 2-118. The binding activity of each protein to SIRTI is also indicated.

proteins, we performed only similar experiments using
hHEY2AC that possessed bHLH but lacked the Orange
domain or its C-terminal region. This protein also
bound to SIRTI1 (Fig. 2E, lane 5). Therefore, we con-
cluded that the bHLH domain of hHES1, and most
probably of hHEY?2 (Fig. 2F), is responsible for binding
to SIRTI, an observation consistent with the previous
study on Drosophila Hairy [30].

Effects of SIRTI on the transcriptional activity of hHESI
and hHEY?2 proteins

The physical association of SIRT1 with hHES1 and
hHEY?2 suggested that SIRT1 might be involved in the
gene repression mediated by hHES1 and hHEY2. To
investigate this possibility, we utilized a GAL4-based
reporter assay (Fig. 3A). The expression vector pro-
ducing the GAL4DBD (Gal4 DNA-binding domain)-
hHES1 or -hHEY?2 chimeric protein (GAL4-hHESI1 or
GAL4-hHEY?2) was cotransfected to mouse NIH 3T3
cells with the reporter plasmid pUAS-BA-luc. pUAS-
BA-luc contains six copies of GAL4-binding sequence
upstream of the chicken B-actin promoter that drives the
transcription of the luciferase reporter gene. A plasmid
expressing GAL4DBD alone was used as the control
effector. GAL4DBD alone produced minimal, if any,
transcriptional repression of the reporter gene (Fig. 3B,

lane 2). In contrast, as shown in previous reports [20,22],
GAL4-hHES1 and GAL4-hHEY2 showed significant
repressive effects on the reporter gene expression from
GAL4-binding sites (Fig. 3B, lanes 5 and 8). hHES1 or
hHEY?2 expression vector without GAL4DBD did not
inhibit transcription of the reporter gene, indicating the
requirement of the specific DNA binding of hHESI1 or
hHEY?2 to the upstream GAL4-binding sequences in the
transcriptional repression (data not shown).

To investigate the possible role of SIRT1 protein in
the transcriptional repression mediated by hHES1 and
hHEY2, we cotransfected in the reporter assay the ex-
pression vector producing the wild-type SIRT1 or the
mutant SIRT1H363Y protein. SIRT1H363Y contains a
base substitution that converts a conserved histidine
residue at position 363 into a tyrosine residue. It is
known that this amino acid substitution leads to the
inactivation of deacetylase activity [24,34]. Neither wild-
type nor mutant SIRT1 showed any effect on the re-
porter expression when GAL4DBD alone was used as
the effector plasmid (Fig. 3B, lanes 3 and 4). In contrast,
wild-type SIRTI significantly augmented the repression
activity mediated by hHES1 or hHEY?2 (lanes 6 and 9).
Interestingly, SIRTIH363Y partially relieved the tran-
scriptional repression by hHES1 or hHEY?2 (lanes 7 and
10). These results suggest that SIRT1 is involved, at least
in part, in the transcriptional repression in this system.
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Fig. 3. SIRT1 is involved in the transcriptional repression by hHES1
and hHEY?2. (A) Reporter and effector plasmid constructs used in the
reporter assay. Six times GAL4, six tandem copies of the GAL4-
binding sequence; B-Actin, the promoter of the chicken B-actin gene;
and GAL4DBD, GAL4 DNA-binding domain. (B, C) Relative tran-
scriptional activity of the reporter gene when combinations of effector
plasmids and SIRT1-expressing plasmids were co-transfected into NIH
3T3 cells and incubated for 48 h. The transfection efficiency was cali-
brated based on the expression levels of the co-transfected Renilla lu-
ciferase-expressing plasmid. The result obtained when no effector
plasmid was co-transfected (lane 1) was set as 100%. The values are
means + SD of the relative activities obtained in an experiment per-
formed in triplicate. Similar results were obtained in at least three in-
dependent experiments.

The simplest explanation for the negative effect of
SIRT1H363Y on the repression is that SIRTIH363Y
has a dominant-negative effect on endogenous wild-type
SIRT1 by competing for hHES1 and hHEY?2. Similar
results were obtained when hHES1 and hHEY2 were

co-expressed (Fig. 3C, lanes 6-8). Since hHESI and
hHEY2 form the hHESI-hHEY2 heterodimer prefer-
entially to the hHES1 or hHEY?2 homodimer [22], these
results suggested that the repression mediated by the
hHES1-hHEY?2 heterodimer also involves SIRTI1. Ta-
ken together, we concluded that the catalytic activity of
SIRTI is important for the hHES1- and hHEY2-medi-
ated transcriptional repression.

Repression activity of Hesl depends on both TSA-
insensitive and -sensitive pathways

The deacetylase activity of Sir2 proteins is insensitive
to the potent deacetylase inhibitor, Trichostatin A
(TSA) [24,35], which places Sir2 as a unique deacetylase
distinguishable from class I (e.g., HDACI1/Rpd3) and
class II deacetylases. If the repression activity of Hesl
depends on the deacetylase activity of SIRT1, one would
expect that it is insensitive to TSA. As expected, the
repression activity of GAL4-hHES1 on the UAS-con-
taining reporter gene was not affected by the addition of
TSA to the culture (Fig. 4, lanes 4 and 5). Interestingly,
we found that GAL4-hHES1AN, which does not bind to
SIRTI, induced a significant repression that was partly
derepressed by the addition of TSA, suggesting that
class I or II deacetylases are involved in this case (lanes 6
and 7). Taken together, these results suggested that full-
length hHESI proteins potentially repress genes via both
TSA-insensitive and -sensitive pathways. When the
SIRT1-mediated TSA-insensitive pathway is proficient,

Relative luciferase activity (%)
0 20 40 60 80 100 120
" ' " " 1

Effector TSA
= 4 [

GAL4DBD| - 2
alone| + 3
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Fig. 4. Sensitivity to TSA of the transcriptional repression by hHES1
and hHEY?2. Reporter assays using the indicated effector proteins with
(+) or without (-) the addition of TSA (100 nM). The result obtained
when no effector plasmid was co-transfected in the presence or absence
of TSA (lane 1) was set as 100%. The values are means+ SD of the
relative activities obtained in an experiment performed in triplicate.
Similar results were obtained in three independent experiments. The
structure of hHESIAN is indicated in Fig. 2F.
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this pathway may be responsible for the majority of the
repression effect. However, when the SIRT1-mediated
pathway is inactivated (as in the case of hHES1AN that
does not bind to SIRTI), a TSA-sensitive backup
mechanism operates to repress genes. The recruitment of
HDACI via Groucho to the C-terminal tetrapeptide of
Hesl is a good candidate for this backup pathway. In
contrast, the repression caused by GAL4-hHEY2 was
markedly derepressed by the addition of TSA (lanes 8
and 9). Similar TSA-sensitive repression was also ob-
served when hHES1 and hHEY2 were co-expressed
(lanes 10 and 11). Therefore, it is suggested that the
relative contribution of SIRTI is more significant in the
hHES1-mediated repression than in the hHEY2-medi-
ated repression and most probably in the hHESI-
hHEY2-heterodimer-mediated repression.

Discussion

It has been recently reported that Drosophila Sir2
(dSir2) physically associates in vitro with Drosophila
Hairy and Deadpan (Dpn), but not with E(spl) proteins
[30]. Genetic experiments in the same study clearly
showed that these interactions have functional roles in
vivo. Interestingly, dSir2-interacting Hairy and Dpn are
classified as members of the Hairy subfamily and non-
interacting E(spl) is classified as a member of another
subfamily E(spl). Therefore, it appears that the ability of
Hairy-related proteins to interact with Sir2 is restricted
to some subfamilies or members of the superfamily.
Here, we showed that hHES1 and hHEY2, members of
the Hairy and Hey subfamilies, respectively, physically
interact with SIRT1, indicating that the association with
Sir2 occurs in Hairy-related proteins belonging to more
than two subfamilies. Moreover, using the reporter as-
say, we showed for the first time that SIRT enhances the
repression activities of hHES1 and hHEY2. The
hHES1-mediated repression activity is TSA-insensitive,
a finding consistent with the idea that the deacetylase
activity of SIRT is involved in the process. These results
broaden our understanding of how Hairy-related re-
pressors function in vivo.

Although Hes and Hey proteins are members of dif-
ferent subfamilies of the Hairy-related superfamily, sev-
eral lines of evidence suggest that they may function by
forming the Hes—Hey heterodimer in a single cell. Some
of the Hairy-related repressors are expressed in an os-
cillating manner in the presomitic mesoderm both spa-
tially and temporally. It was found that the expression of
chicken Hairy genes (c-hairyl and c-hairy2; c-hairy2 is
the chicken homologue of human HES/) oscillates ex-
actly synchronously with that of chicken Hey2 (c-Hey2;
chicken homologue of human HEY2), suggesting that
these genes function coordinately [36,37]. Furthermore,
when both Hesl and Hey2 are expressed, they form a

heterodimer preferentially to forming cognate homodi-
mers. Importantly, the Hesl-Hey2 heterodimer showed
an elevated DNA-binding activity and a synergistic re-
pression of the target genes, compared to the Hesl or
Hey2 homodimer [22]. It was suggested that the tran-
scriptional repression achieved by Hesl-Hey2 is medi-
ated by twofold recruitment of HDACI-containing
histone deacetylase complexes: the TLE-HDACI com-
plex by the C-terminal tetrapeptide of Hesl and the
mSin3 complex by the bHLH domain of Hey2 [22]. We
propose that another deacetylase, SIRTI, is also in-
volved in the transcriptional repression by the Hesl—
Hey2 complex as a third pathway to recruit deacetylase.
The repression activities produced by the expression of
hHES1 or hHEY?2 alone, and by the co-expression of
hHES1 and hHEY2, were increased and decreased by
over-expressing wild-type and mutant SIRTI, respec-
tively. On the other hand, while the hHEY?2-mediated
repression was sensitive to TSA, the hHES1-mediated
repression was not. Because the bHLH domain of
hHEY?2 is responsible for both the interactions with the
mSin3 complex [22] and with SIRTI1 (this study), the
mSin3 complex and SIRT1 may be recruited to hHEY?2
in a competitive manner. In contrast, hHESI interacts
with HDACI1 and SIRT1 via different domains (the C-
terminal tetra-peptide motif and the bHLH domain, re-
spectively) ([19,20], and this study), making the possi-
bility likely that hHESI1 recruits HDAC1 and SIRTI
simultaneously. These different modes of interaction of
hHES1 and hHEY?2 to SIRT1 and HDACI may explain
the apparently different sensitivities to TSA of these
proteins. Although it is likely that the SIRT1-dependent
and the HDACI1-dependent pathways operate synergis-
tically, the relative contribution of these pathways may
vary in different contexts. For example, genetic studies in
Drosophila have shown that hairy exhibits stronger in-
teraction with dSir2 than with Rpd3 [30].

This study did not address the issue of how SIRT1
induces transcriptional repression. One obvious scenario
is that SIRTI, recruited to chromatin by the DNA-
binding proteins HES1 and HEY2, modifies histones.
However, Sir2 also deacetylates non-histone proteins, a
remarkable example of which is the SIRT1-mediated
p53 deacetylation [38-40]. Several transcription factors
are known to be modified by acetylation, leading to the
activation of their activity [41], among which MyoD is
of interest to this study. The acetylation of MyoD by
PCAF or CBP/p300 activates its activity and is required
for normal muscle differentiation [42,43]. It was reported
that Heyl (also called CHF2) forms a heterodimer with
MyoD, thereby repressing the activity of MyoD in un-
differentiated cells [44]. Therefore, it is possible that Hey
proteins repress MyoD or related activators not as the
Hes—Hey heterodimer or the Hey homodimer, but as the
MyoD-Hey heterodimer and by recruiting SIRTI to
deacetylate activated MyoD.
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