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Background: Hes6 is a transcriptional regulator that induces transcriptional activation by binding to transcription repressor Hes1 
and suppressing its activity. Hes6 is controlled by the ubiquitin-proteosome-mediated degradation system. Here we investigated 
the sumoylation of Hes6 and its functional role in its rhythmic expression.
Methods: Hes6, SUMO, and ubiquitin were transfected into HeLa cells and the expression pattern was observed by Western blot 
and immunoprecipitation. To confirm the effect of sumoylation on the rhythmic expression of Hes6, we generated mouse Hes6 
promoter-driven GFP-Hes6 fusion constructs and expressed these constructs in NIH 3T3 cells.
Results: Overexpression of SUMO led to sumoylation of Hes6 at both lysine 27 and 30. Protein stability of Hes6 was decreased 
by sumoylation. Moreover, expression of a Hes6 sumoylation-defective mutant, the 2KR (K27/30R) mutant, or co-expression of 
SUMO protease SUSP1 with native Hes6, strongly reduced ubiquitination. In addition, sumoylation was associated with both the 
rhythmic expression and transcriptional regulation of Hes6. Wild type Hes6 showed oscillatory expression with about 2-hour pe-
riodicity, whereas the 2KR mutant displayed a longer period. Furthermore, sumoylation of Hes6 derepressed Hes1-induced tran-
scriptional repression.
Conclusion: Hes6 sumoylation plays an important role in the regulation of its stability and Hes1-mediated transcription. These 
results suggest that sumoylation may be crucial for rhythmic expression of Hes6 and downstream target genes.
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INTRODUCTION

Hes genes are mammalian homologues of Drosophila hairy 
and enhancer of split, which encode the basic helix-loop-helix 
(bHLH) transcription factors and play important roles in devel-

opment [1-3]. Although Hes factors have the bHLH domain, 
they preferentially bind to the N-boxes (CACNAG) rather than 
to the E-box (CANNTG) [4,5]. Among Hes family members, 
Hes1 and Hes5 are regulated by Notch signaling and repress 
downstream target gene transcription, resulting in inhibition of 
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neuronal differentiation [6,7]. In contrast, Hes6 acts as a posi-
tive regulator and promotes cell differentiation. Hes6 antago-
nizes the action of Hes1 by repressing its transcriptional activi-
ty, but it does not directly bind to DNA alone [8,9].
 A remarkable feature of the Hes family members Hes1 and 
Hes7 is rhythmic expression with a period of about 2 hours 
[10-12]. Real-time imaging analysis showed that Hes1 dynami-
cally oscillates in fibroblasts as well as in neural progenitors 
[13,14]. This rhythmic expression is regulated by negative 
feedback and the instability of the gene products [15-17]. Hes1 
represses its own transcription by directly binding to the N-box 
of the Hes1 promoter through negative feedback [18]. In this 
feedback pathway, ubiquitin-mediated protein degradation 
plays a pivotal role in maintaining rhythmic expression. Treat-
ment with a proteasome inhibitor leads to stabilization of the 
Hes1 protein and eventually blocks the oscillatory transcription 
of Hes [15,17]. Also, the C-terminal WRPW (Trp-Arg-Pro-Trp) 
motif of Hes6 is important for proteasome-dependent degrada-
tion of Hes6 itself [19]. The overall protein expression level of 
the WRPW motif-deleted Hes6 mutant is increased when com-
pared to wild type Hes6.
 Sumoylation is a posttranslational modification that regu-
lates protein functions such as transcriptional regulation, cellu-
lar localization, and protein-protein interaction [20]. A recent 
report demonstrates that sumoylation of Hes1 regulates cell 
survival [21]. Sumoylation increases the stability of the Hes1 
protein and induces transcriptional repression of target genes 
by Hes1. However, Hes5 is not a substrate for sumoylation 
[21]. Furthermore, sumoylation is closely related to ubiquitina-
tion. SUMO and ubiquitin share structural characteristics and 
conjugation mechanisms to particular lysine residues of their 
target proteins [22]. Although sumoylation is not directly 
linked to target protein degradation, it can control protein sta-
bility via ubiquitin-mediated proteolysis [23].
 In the present study, we investigated sumoylation of Hes6 
and its functional roles. Our data demonstrate that sumoylation 
of Hes6 promotes ubiquitin-dependent protein turnover and su-
moylated Hes6 affects its own rhythmic expression with a peri-
od of about 2 hours. Moreover, Hes6 sumoylation derepressed 
Hes1-dependent transcriptional repression by attenuating the 
N-box binding of Hes1/Hes6 complex. 

METHODS

Cell culture and transient transfection 
HeLa and NIH 3T3 cells were cultured in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum 
and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA, 
USA) at 37˚C with 9% CO2. For transient transfection, cells 
were seeded at 105 cells/well in 12-well plates. After overnight 
incubation, expression constructs were transfected using Lipo-
fectamin Plus reagent (Invitrogen) according to the manufac-
turer’s protocol. For protein stability and ubiquitination studies, 
cells were treated with cycloheximide (CHX) at 30 μg/mL and 
MG132 at 25 μM for indicated time periods. 

Plasmid constructs
Hes6 expression constructs were kindly provided by Dr. Sun 
(Korea University, Seoul, Korea). The point mutants were gen-
erated using the QuickChange site-directed mutagenesis as di-
rected by the manufacturer’s protocol (Stratagene, La Jolla, 
CA, USA). The polymerase chain reaction (PCR) primers used 
for the site-directed mutagenesis were as follows: for the K27R 
mutant, 5´-GCACGGGGGGACCGCA GGGCCCGGAAG 
CCCC-3´; for the K30R mutant, 5´-GGGACCGCAAGGCCC-
GGAGG CCCCTGGTGGAG-3´; for the K35R mutant, 5´- 
GCCCCTGGTGGAGAGGAAGCGACG CGCACGG-3´; for 
the K36R mutant, 5´-GCCCCTGGTGGAGAAGAGGCGAC-
GCGCAC GG-3´; for the K60R mutant, 5´-GGTACCGAG-
GTGCAGGCCAGGCTAGAGAACGCCG-3´; for the 2KR 
(K27/30R) double mutant, 5´-CGGGGGGACCGCAGGG 
CCCGGAGGC CCCTGGTGG-3´. The mutagenesis was con-
firmed by DNA sequencing. 

Immunoprecipitation and Western blot 
Cells were harvested in radioimmunoprecipitation assay buffer 
(50 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid [pH 7.4], 150 mmol/L NaCl, 1% NP-40, 1 mmol/L ethyl-
enediaminetetraacetic acid, 1 mmol/L ethylene glycol tetraace-
tic acid, 1 mmol/L phenylmethanesulfonylfluoride, 0.5% sodi-
um deoxycholate, 1 mmol/L NaF, 1 mmol/L Na3VO4 and 1× 
protease inhibitor cocktail [Sigma, St. Louis, MO, USA]) and 
centrifuged for 20 minutes at 4˚C. Equal amounts of total pro-
tein were incubated with 2 μg anti-Hes6 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) or anti-Hes1 (AbFrontier, 
Seoul, Korea) antibodies for 1.5 hours at 4˚C and then the sam-
ples were incubated with the protein G-Sepharose bead slurry 
for 1 hour at 4˚C. The final immune complexes were analyzed 
by Western blot.
 For Western blot analyses, samples were resolved on 10% or 
12% SDS-polyacrylamide gels and transferred to polyvinyli-
dene difluoride membranes (Immobilon P, Millipore, Bedford, 
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MA, USA). Target proteins were detected with anti-Hes6 (anti-
Hes6 antiserum was kindly provided by Dr. Sun), anti-SU-
MO1, anti-SUMO3 (Invitrogen), anti-Hes1 (Abfrontier), anti-
HDAC3, anti-HA, or anti-actin (Santa Cruz Biotechnology) 
antibodies. Horseradish peroxidase-conjugated secondary anti-
bodies were purchased from Jackson Immunoresearch Labora-
tories (West Grove, PA, USA) and the immune complexes 
were visualized with an enhanced chemiluminescent detection 
kit (Pierce, Rockford, IL, USA).

Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) assays were performed 
according to the manufacturer’s instructions (Millipore). Each 
cross-linked sample was immunoprecipitated using anti-Hes1 
(Abfrontier), anti-Hes6 (antiserum), anti-HDAC3 (Santa Cruz 
Biotechnology), or anti-histone H3 (acetyl K9, Abcam, Cam-
bridge, MA, USA) antibodies and the DNA was purified by 
phenol/chloroform extraction followed by ethanol precipita-
tion. For PCR, the following primers were used for the Hes1 
N-box, 5’-TCCTTTTGATTGACGTTGTAGC-3’ and 5’- 
GCACTATTCCAGGACCAAGG-3’. 

RESULTS

Hes6 is sumoylated at both lysine 27 and 30
To examine whether Hes6 is a substrate of sumoylation, Hes6 
was co-transfected with RFP-fused SUMO paralogues (SUMO1 
or SUMO3) into HeLa cells. In the presence of SUMO1 or 
SUMO3, sumoylation of Hes6 was observed and was enhanced 
by the E2-conjugating enzyme, Ubc9 (Fig. 1A). However, the 
Hes6 sumoylation band was not detected when co-expressed 
with ∆SUMO, a sumoylation defective mutant lacking the C-
terminal motif (data not shown). To confirm whether this band 
was indeed a sumoylated form, Hes6 was co-expressed with 
RFP-SUMO paralogues and Ubc9 and then immunoprecipitated 
using anti-Hes6 antibodies. A slow migrating band of Hes6 was 
clearly detected by anti-Hes6 antibodies and SUMO1- or SU-
MO3-modified bands were detected using specific antibodies 
(Fig. 1B). Thus, these data suggest that Hes6 is covalently modi-
fied by either SUMO1 or SUMO3.
 Next, to determine which lysine residues of Hes6 are targets 
of sumoylation, we next examined which lysine residues of 
Hes6 are targets for sumoylation. Within the bHLH domain of 
Hes6, there were five lysine residues positioned at K27, K30, 
K35, K36, and K60. We generated point mutants of Hes6 with 
arginine substituted for lysine residues. As shown in Fig. 2A, 

sumoylation of K27R or K30R single mutant was reduced in 
comparison with wild type Hes6, while the other mutants 
(K35R, K36R, or K60R mutants) did not show any decrease in 
sumoylation. Moreover, Hes6 mutations at both K27R and 
K30R (2KR mutant) completely abolished sumoylation (Fig. 
2B). These data indicate that both lysine 27 and 30 of Hes6 are 
the target sites for sumoylation.

Sumoylation promotes ubiquitination and degradation of 
Hes6
Different kinds of posttranslational modifications including su-
moylation and ubiquitination are closely related to each other 
[22]. For instance, sumoylation blocks ubiquitin-dependent pro-
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Fig. 1. Sumoylation of Hes6. (A) HeLa cells were co-transfected 
with Hes6 and RFP-SUMO paralogues (SUMO1 or SUMO3) in 
the presence or absence of Ubc9. Samples were analyzed by 
Western blot using anti-Hes6 antibodies. (B) Hes6, RFP-SUMO, 
and Ubc9 were co-expressed in cells and the cell extracts were 
subjected to immunoprecipitation followed by Western blot using 
anti-Hes6, anti-SUMO1, or anti-SUMO3 antibodies. Arrowheads 
indicate the sumoylated Hes6 (black) or native Hes6 (white) band.
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tein degradation of IκBα [24]. On the other hand, sumoylation 
of BMAL1 promotes its ubiquitination-mediated proteasomal 
degradation [25]. Because Hes6 also is degraded in an ubiqui-
tin-dependent manner [19], we tested the relationship between 
Hes6 sumoylation and ubiquitination. First, we examined the 
protein stability of wild type or 2KR mutant Hes6. HeLa cells 
were transfected with either wild type Hes6 or the 2KR mutant 
and treated with CHX, an inhibitor of protein synthesis, for the 
indicated time periods. As shown in Fig. 3A, protein stability of 
wild type Hes6 was rapidly diminished, while the 2KR mutant 
showed much higher stability. We then examined the effect of 
sumoylation on ubiquitin-dependent Hes6 degradation. Wild 
type or the 2KR mutant Hes6 was co-transfected with HA-
tagged ubiquitin in the presence or absence of RFP-SUMO. By 
Western blot, moderate ubiquitination of wild type Hes6 was 
detected by co-expression of HA-ubiquitin and further en-
hanced by co-expression of SUMO. Ubiquitination of wild type 
Hes6 was significantly decreased by SUMO protease SUSP1 
(Fig. 3B). However, co-expression of either HA-ubiquitin alone 
or HA-ubiquitin together with SUMO failed to induce strong 
ubiquitination of the 2KR Hes6 mutant (Fig. 3B). Thus, these 
results demonstrate that sumoylation of Hes6 appears to accel-
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Fig. 2. Hes6 is sumoylated at lysine residues 27 and 30. (A) Pro-
teins were extracted from HeLa cells transfected with Hes6 con-
structs encoding wild type (WT) or its Lys-Arg mutants. Western 
blot was performed with the indicated antibodies. (B) Cells were 
transfected with Hes6 constructs encoding WT, the single mutants 
(K27R or K30R), or the 2KR (K27/30R) double mutant together 
with SUMO and Ubc9 and analyzed by Western blot using anti-
Hes6 antibodies.

Fig. 3. Sumoylation promotes ubiquitination of Hes6. (A) HeLa cells expressing wild type (WT) Hes6 or the 2KR (K27/30R) double 
mutant were treated with cychloheximide (CHX, 30 μg/mL) for indicated time periods. The protein abundance of Hes6 was analyzed by 
Western blot using anti-Hes6 antibodies and then quantitated by densitometer. (B) Cells were co-transfected with WT Hes6 or the 2KR 
mutant and HA-tagged ubiquitin (Ub) in the presence or absence of RFP-SUMO and SUSP1 and incubated for 5 hours with 25 μM 
MG132. Cell extracts were analyzed by immunoprecipitation followed by Western blot using anti-HA, anti-SUMO, or anti-Hes6 anti-
bodies. 
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erate its own ubiquitination leading to degradation via 26S pro-
teasome pathway. 

Effect of sumoylation on the regulation of Hes6 rhythmic 
expression
Previous studies demonstrate that gene expression of Hes fami-
ly members such as Hes1 and Hes7 oscillate with a period of 
about 2 hours. This rhythmic expression plays an important role 
in the regulation of timely events in development processes [15-
17]. In circadian regulation, it has been reported previously that 
sumoylation of BMAL1 is critical for the oscillation of down-
stream clock genes as well as BMAL1 itself [25,26]. Therefore, 
we examined whether sumoylation of Hes6 is involved in its 
rhythmic expression. We generated expression constructs of 
GFP-fused wild type or 2KR mutant Hes6 under the control of 
Hes6 promoter (Fig. 4A). These constructs were transfected 
into NIH 3T3 cells and the cells were incubated with serum to 
induce rhythmic expression of the Hes6 promoter. As shown in 
Fig. 4, 2-hour rhythmic expression of wild type Hes6 was in-
duced by 50% horse serum shock (Fig. 4B, upper panel of 
Western blot). However, serum treatment failed to induce oscil-
lation in the 2KR mutant Hes6 (Fig. 4B, lower panel of Western 

blot). Quantitation of band intensity of either wild type or the 
2KR mutant Hes6 are shown in the bottom of Fig. 4B.

Hes6 sumoylation regulates Hes1-mediated transcription
Hes6 is a positive regulator that derepresses Hes1 activity and 
thereby activates transcription of downstream genes [8]. We 
hypothesized that sumoylation might be important for the ef-
fect of Hes6 on Hes1-dependent transcriptional repression. As 
expected, Hes1-mediated transcriptional repression was re-
lieved by Hes6 in a dose-dependent manner (Fig. 5A). More-
over, as shown in Fig. 5B, wild type Hes6 almost completely 
derepressed Hes1-induced transcriptional attenuation, while 
the 2KR mutant Hes6 exhibited partial derepression (Fig. 5B). 
To elucidate the molecular mechanism underlying the effect of 
Hes6 sumoylation on Hes1-mediated transcriptional repres-
sion, we examined interactions between Hes1 and Hes6 or 
Hes1 and DNA by immunoprecipitation or ChIP assay, respec-
tively. Unexpectedly, Hes1 exhibited increased interaction with 
the 2KR mutant compared to wild type Hes6 (Fig. 5C). More-
over, in ChIP assays using either Hes1 or Hes6 antibodies, the 
Hes1/2KR Hes6 complex exhibited enhanced N-box binding 
than the Hes1/wild type Hes6 (Fig. 5D). Furthermore, histone 
H3 acetylation was decreased by co-expression of the 2KR 
mutant Hes6. HDAC recruitment to the N-box region was sig-
nificantly induced by the 2KR mutant Hes6 (Fig. 5C, D). Taken 
together, these results demonstrate that sumoylation of Hes6 
may play an important role in controlling Hes1 transcriptional 
activity by regulating interaction between Hes6 and Hes1, N-
box binding of the Hes1/Hes6 complex, and recruitment of co-
regulators to the promoter.

DISCUSSION

Hes genes belong to the basic bHLH transcription factor family 
and play an important role in development and cell differentia-
tion [27]. Among the Hes family members, Hes1 functions as a 
negative regulator that inhibits target gene transcription and 
suppresses neural differentiation, whereas Hes6 promotes cell 
differentiation by repressing the transcriptional activity of Hes1 
[7,8]. However, the molecular mechanism of Hes6 in transcrip-
tional regulation is largely unknown. In the present study, we 
investigated the effect of posttranslational modifications, espe-
cially sumoylation, on Hes6 function. We found that Hes6 is a 
substrate for sumoylation, which controlled the ubiquitin-depen-
dent degradation of Hes6 itself. Moreover, Hes6 sumoylation 
was associated with the interaction with Hes1 and recruitment 
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Fig. 4. Sumoylation regulates rhythmic expression of Hes6. (A) 
The schematic diagram of GFP-fused wild type (WT) or the 2KR 
(K27/30R) mutant Hes6 under the control of the Hes6 promoter. 
(B) NIH 3T3 cells were transfected with GFP-Hes6 constructs en-
coding WT or the 2KR mutant. After serum treatment (t=0), Hes6 
protein levels were examined every 30 minutes.
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ously releases Hes1 from the N-box region.
 Hes family members generate rhythmicity of about 2-hour 
periods and the dynamic regulation of Hes stability is con-
trolled by its own transcriptional regulation as well as by ubiq-
uitin-dependent proteolysis [15-17]. A recent study demon-
strates that circadian rhythmic expression of Hes1 and Hes6 
are under the control of a molecular circadian clock in the 
mouse liver [28]. Hes1 or Hes6 mRNA expression showed op-
posite rhythmicity in wild type mice and knockout of both 
Per1 and Per2 destroyed the rhythmic expression pattern. In 
addition, transcription of Hes6 was directly activated by 
CLOCK/BMAL1 heterodimers, transcription activators of the 
circadian clock. However, oscillatory expression with 2-hour 
periods of Hes6 had not been defined. Using wild type or 2KR 
mutant of Hes6 constructs under the control of Hes6 promoter, 
we identified the 2-hour rhythmic expression of Hes6 and the 
effect of sumoylation on the Hes6 expression (Fig. 4). Interest-
ingly, wild type Hes6 exhibited rhythmic expression with about 

of co-factors for transcriptional regulation.
 Recently, it was reported that Hes1 sumoylation increases the 
repressive effect of Hes1, but shows a partial effect on the regu-
lation of gene expression by Hes1 [21]. Indeed, sumoylation also 
induces the transcriptional activity of Hes6 similar to Hes1 su-
moylation. Luciferase reporter assays using the N-box contain-
ing Hes1 promoter showed that wild type Hes6 significantly de-
repressed Hes1-induced transcriptional suppression compared 
to the 2KR mutant (Fig. 5B). Moreover, Hes6 sumoylation re-
duced both protein interaction between Hes1 and Hes6 and the 
DNA binding ability of Hes1/Hes6 complex to the N-box ele-
ment (Fig. 5C, D). Although sumoylation was known to induce 
transcriptional activity of both Hes1 and Hes6, sumoylation has 
the opposite effect on protein stability of Hes1 or Hes6. Su-
moylation stabilized Hes1 [21], whereas the protein stability of 
Hes6 was decreased by sumoylation-mediated promotion of 
Hes6 ubiquitination (Fig. 3). These results raise a possibility 
that Hes6 sumoylation promotes its degradation and simultane-

Fig. 5. Effects of Hes6 sumoylation on Hes1-induced transcriptional suppression. (A) HeLa cells were co-transfected with pHes1-lucif-
erase reporter, Hes1 (20 ng), and increasing amounts of Hes6 (50, 100, 200, and 300 ng). After overnight incubation, the biolumines-
cence was measured using a luminometer. Each value is the mean±SEM of three independent experiments. (B) Cells were co-transfect-
ed with the pHes1-luciferase reporter, Hes1, and Hes6 (wild type [WT] or the 2KR [K27/30R] mutant). Each value is the mean±SEM of 
three independent experiments (P<0.001). (C) Cells were co-transfected with Hes1 and Hes6 and the cell lysates were immunoprecipi-
tated using anti-Hes1 antibodies. (D) Chromatin was extracted from HeLa cells transfected with Hes1 and Hes6 constructs encoding WT 
or the 2KR mutant. Chromatin immunoprecipitation (ChIP) assays were performed with the indicated antibodies. aP<0.001 vs. Hes1 ex-
pression; bP<0.001.
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2-hour periods like the other Hes family members. The 2KR 
mutant of Hes6 also showed a rhythmic expression profile, but 
the period was significantly lengthened compared to wild type 
Hes6 (Fig. 4B). The lengthened period in the 2KR mutant 
seemed to be caused by enhanced protein stability resulting 
from lack of sumoylation-dependent protein degradation, 
which is mediated by ubiquitination (Fig. 3B). Thus, these re-
sults suggest that posttranslational modifications including su-
moylation and ubiquitination may play an important role in the 
rhythmic expression of Hes6 with about 2-hour periods.
 In summary, we showed that Hes6 is sumoylated at both ly-
sine 27 and 30 and sumoylation promotes ubiquitin-dependent 
degradation of Hes6. Moreover, Hes6 sumoylation may be crit-
ical for the regulation of Hes1-mediated transcriptional repres-
sion as well as the oscillatory expression of Hes6 itself.
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