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Sumoylation of histone deacetylase 1 regulates MyoD
signaling during myogenesis
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Sumoylation, the conjugation of a small ubiquitin-like modifier (SUMO) protein to a target, has diverse cellular effects. However,
the functional roles of the SUMO modification during myogenesis have not been fully elucidated. Here, we report that basal
sumoylation of histone deacetylase 1 (HDAC1) enhances the deacetylation of MyoD in undifferentiated myoblasts, whereas
further sumoylation of HDAC1 contributes to switching its binding partners from MyoD to Rb to induce myocyte differentiation.
Differentiation in C2C12 skeletal myoblasts induced new immunoblot bands above HDAC1 that were gradually enhanced during
differentiation. Using SUMO inhibitors and sumoylation assays, we showed that the upper band was caused by sumoylation of
HDAC1 during differentiation. Basal deacetylase activity was not altered in the SUMO maodification-resistant mutant HDAC1
K444/476R (HDAC1 2R). Either differentiation or transfection of SUMO1 increased HDAC1 activity that was attenuated in
HDAC1 2R. Furthermore, HDAC1 2R failed to deacetylate MyoD. Binding of HDAC1 to MyoD was attenuated by K444/476R.
Binding of HDAC1 to MyoD was gradually reduced after 2 days of differentiation. Transfection of SUMO1 induced dissociation of
HDAC1 from MyoD but potentiated its binding to Rb. SUMO1 transfection further attenuated HDAC1-induced inhibition of
muscle creatine kinase luciferase activity that was reversed in HDAC1 2R. HDAC1 2R failed to inhibit myogenesis and muscle
gene expression. In conclusion, HDAC1 sumoylation plays a dual role in MyoD signaling: enhancement of HDAC1 deacetylation
of MyoD in the basally sumoylated state of undifferentiated myoblasts and dissociation of HDAC1 from MyoD during myogenesis.
Experimental & Molecular Medicine (2018) 50, e427; doi:10.1038/emm.2017.236; published online 12 January 2018

INTRODUCTION

Similar to ubiquitination, sumoylation is a covalent binding of
small ubiquitin-like modifiers (SUMOs) to specific lysine
residues of target proteins. Since initially being discovered in
1997, sumoylation has been implicated in many biological
functions and in disease status because it regulates diverse
cellular processes. By identifying novel sumoylated proteins and
evaluating the altered function of the sumoylated targets, we
can extend the current understanding of the roles of sumoyla-
tion in cellular function.?2 SUMOs comprise 92-97 amino acids,
and sumoylation is different from classically characterized
posttranslational modifications with relatively small chemical
groups, such as acetylation, phosphorylation and methylation.
Sumoylation has been well characterized at the molecular level,

with a particular focus on site-specific conjugation of SUMOI,
SUMO2 and SUMO3. Several hundred sumoylation target
proteins are involved in various processes, such as chromatin
organization, transcriptional regulation, DNA repair, macro-
molecular assembly, protein turnover, intracellular localization
and signal transduction.® Inversely, SUMO/sentrin-specific
proteases remove SUMOs from target proteins, resulting in
the tight balance of the sumoylation status.*

MyoD is a member of the myogenic basic helix-loop-helix
(bHLH) family of transcription factors and functions as an
initiator of the myogenic program.> MyoD activation precedes
sequential upregulation of other myogenic transcription fac-
tors, such as myogenin, myosin light chain and desmin,
resulting in the eventual induction of genes that characterize
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terminal differentiation of skeletal muscle, such as muscle
creatine kinase (MCK).% Transcriptional activation of MyoD
depends on its binding to a specific DNA sequence in the
promoter, E-box (CNANNTG), that is present in the regula-
tory regions of muscle genes.> Notably, however, MyoD is
expressed, even in quiescent myoblasts, before the myogenic
process, when it is unable to function as a transcriptional
activator,” suggesting that certain transcriptional inhibitors
bind to MyoD before the start of the myogenic program.
Indeed, MyoD is maintained in an inactivated status by binding
to 1d,® Ezh2,” ret finger protein,'® Suv39h1,!' Dec2,'> C/EBP
homology protein,!* myb-binding protein 1a!* and NFATc1.!?
In many cases, these repressors function as a complex and
require transcriptional repression by removing an acetyl group
from the histones of the MyoD target gene promoters that is
primarily mediated by histone deacetylase 1 (HDACI). Indeed,
since HDACI was reported to inhibit MyoD-induced activation
of the myogenic program,'®!” many reports have elucidated
that HDAC is required for repression of MyoD. In addition,
during myogenesis, HDACI dissociates from MyoD and
subsequently binds to retinoblastoma protein'® to form a
complex with E2F to repress cell cycle progression.!” However,
the mechanism of this complicated switching of binding
partners has not been fully investigated.

HDACI contains many amino acid residues that undergo
posttranslational modification.’’ Considering that HDACI
undergoes diverse posttranslational modifications'® that alter
its activity and binding affinity, these modifications also affect
the myogenic activity of MyoD in association with skeletal
myoblasts. Similarly, HDAC1 sumoylation may also alter the
myogenic activity of MyoD. However, the effects of HDACI
sumoylation on MyoD and its following myogenic program
have not been described. In the present study, we demonstrated
HDACI sumoylation in myoblasts and subsequently explored
the roles of HDACI sumoylation in MyoD-dependent myo-
genic differentiation.

MATERIALS AND METHODS

Cell culture, differentiation conditions and transfection

The C2CI12 cell line has been previously described.”! Cells were
maintained in Dulbecco’s modified Eagle’s medium containing 15%
fetal bovine serum (Hyclone, Thermo Fisher Scientific, Waltham, MA,
USA). Differentiation was induced in Dulbecco’s modified Eagle’s
medium plus 2% horse serum (Hyclone). Cells were transfected using
Lipofectamine LTX and plus reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA). HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum.
Cells were transfected with Polyfect (QIAGEN, Valencia, CA, USA)
according to the manufacturer’s instructions. All cells were cultured at
37°C and 5% CO,.

Plasmids, antibodies and reagents

Both pcDNA3-HA-SUMOI and pSG5-Flag-SUMOI were kindly gifted
by Professor Nacksung Kim (Department of Pharmacology, Chonnam
National University Medical School, Hwasun-gun, South Korea).
pcDNA6-SUMOI-myc was constructed by subcloning, utilizing
PpSG5-Flga-SUMO1 (CosmoGeneTech, Dagjeon, Republic of Korea).
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pHM6-HA-MyoD was obtained from Professor Young-Gyu Ko
(College of Life Sciences and Biotechnology, Korea University, Seoul,
South Korea). pGL3-Basic-myogenin-luciferase and  pGL3-Mck-
luciferase were kind gifts from Professor Da-Zhi Wang (Department
of Cardiology, Harvard Medical School, Boston, MA, USA). pBJ5.1-
Flag-HDACI (HDACI wild-type (WT)) was a kind gift from Professor
Jonathan A Epstein (University of Pennsylvania, Philadelphia, PA,
USA). pBJ5.1-Flag-HDACI K444/476R mutant (HDAC1 2R) was
constructed by site-directed mutagenesis based on pBJ5.1-Flag-
HDACI WT (CosmoGeneTech).

The following antibodies were used: anti-HDAC1 (H-51; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-HDAC2 (ab12169;
Abcam, San Francisco, CA, USA), anti-SUMO1 (D-11; Santa Cruz
Biotechnology), anti-MyoD (C-20; Santa Cruz Biotechnology), anti-
MCK (C-14; Santa Cruz Biotechnology), anti-myogenin (M-225;
Santa Cruz Biotechnology), a-myosin heavy chain antibody (MF20,
Developmental Studies Hybridoma Bank, Iowa city, IA, USA), anti-Rb
(sc-102; Santa Cruz Biotechnology), anti-actin (Alpha Sr-1; Santa Cruz
Biotechnology), anti-GAPDH (H-12; Santa Cruz Biotechnology), anti-
lamin B1 (ab16048; Abcam), anti-acetyl lysine (ab21623; Abcam),
anti-Flag (F7425; Sigma-Aldrich, St Louis, MO, USA) and anti-HA
(H9658; Sigma-Aldrich).

The chemical 2-D08 was purchased from Sigma-Aldrich (St. Louis,
MO, USA), and ginkgolic acid was obtained from Abcam. MG132 was
purchased from Cayman Chemical (Ann Arbor, MI, USA). Texas Red-
X-phalloidin was purchased from Invitrogen.

Luciferase reporter assay, RNA isolation, quantitative real-
time PCR, western blotting and immunoprecipitation
analyses

These procedures have been previously described.?'=?* The primer
sequences for quantitative real-time PCR will be provided upon
request. The real-time PCR amplification products were confirmed
by sequencing. For western blotting, primary antibodies against
HDACI (1:1000), HDAC2 (1:5000), MCK (1:1000), MyoD (1:500),
Myogenin (1:1000), SUMO1 (1:1000), Rb (1:1000), actin (1:1000),
GAPDH (1:1000), Lamin BI (1:1000), Flag (1:4000) and HA
(1:20,000) were used.

For detection of sumoylated protein by immunoprecipitation
analysis, 2 mm N-ethylmaleimide was included in the lysis buffer to
block isopeptidases and deubiquitinating enzymes. Immunoprecipi-
tated SUMOI complexes were resolved using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and detected by western blotting.

Nuclear fractionation, in vitro sumoylation assay and in vitro
translation

To prepare the nuclear fractions, NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher Fischer Scientific) were used
according to the manufacturer’s instructions. The protein levels of the
nuclear fractions were normalized to Lamin B1. The in vitro sumoyla-
tion assay was conducted using a commercial assay kit from Abcam
(ab139470). The mixtures were set up in 20 pl of reaction buffer and
incubated at 37°C for 90 min. The reaction mixtures were subse-
quently separated using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. For in vitro translation, protein synthesis was achieved
using the TNT T7/T3 Coupled Reticulocyte Lysate System (Promega,
Fitchburg, WI, USA) according to the manufacturer’s instructions. In
vitro translation was performed in a 25 pl reaction volume with 1 pg of
construct. The reaction was incubated at 30 °C for 90 min.



Chromatin immunoprecipitation

The chromatin immunoprecipitation assay was performed as pre-
viously described,?? with slight modifications. Briefly, cells were treated
with 1% formaldehyde (Sigma) for 10 min to induce crosslinking at
room temperature and neutralized with 0.125 m glycine. The assay was
conducted using the EpiQuik Chromatin Immunoprecipitation kit
(EpiGentek, Farmingdale, NY, USA). The procedure was performed
according to the manufacturer’s instructions. PCR was performed as
previously described using specific primers for either MCK or
myogenin promoter.

HDAC activity measurement

HDAC  activity  assays performed as  previously
described.?*?> HDAC activity was determined using a commercial
assay kit from Enzo Life Sciences (HDAC Fluorometric Assay/Drug
Discovery kit, Farmingdale, NY, USA). For the HDACI activity assay,
cells were transfected with HDAC1 WT or the HDACI 2R mutant and
the SUMOL1 construct, followed by immunoprecipitation using an

were

anti-Flag antibody.

Immunocytochemistry and multinucleated cell count

C2C12 cells were fixed with 4% paraformaldehyde and permeabilized
with Triton X-100 (0.1%). Cells were incubated overnight with anti-
Flag and anti-Fast skeletal myosin heavy chain antibodies in 1%
bovine serum albumin and detected using an Alex Fluor 568-
conjugated goat anti-mouse IgG secondary antibody (Invitrogen).
Before mounting on slides, cells were stained with 4',6-diamidino-2-
phenylindole (DAPI, Molecular Probes, Eugene, OR, USA). Cells were
visualized using a Nikon Zoom stereomicroscope (SMZ1000, Tokyo,
Japan). Cells with more than 2 nuclei per cell were counted as
multinucleated cells after DAPI nuclear staining. Multinucleated cell
numbers were divided by the total cell count to obtain percentage
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Figure 1 Differentiation of myoblasts showed an additional band
that appeared above histone deacetylase 1 (HDAC1). (@) Switching
the culture media to differentiation media (DM) resulted in
additional immunoblot bands above HDAC1. C2C12 cells were
treated and maintained in DM for the indicated duration.
Arrowhead shows new bands that were upregulated during myoblast
differentiation. Muscle creatine kinase (MCK) expression was
increased during myogenesis. (b) HDAC1 mRNA level was not
changed after DM treatment. Real-time PCR (RT-PCR) was
performed with C2C12 cells. (c) Treatment with DM for 2 days was
sufficient to enhance the additional band of HDAC1 in the nuclear
fraction of C2C12 cells. However, DM failed to induce an
additional band of HDAC2.
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values. For each experimental condition, 10 fields were randomly
selected per well, averaged and considered as one case.

Statistics

The data are presented as the means +s.e.m. Statistical significance
was determined using Student’s #-tests or one-way analysis of variance,
followed by Tukey’s honest significant difference multiple comparison
post hoc test. PASW Statistics 19 (SPSS, an IBM Company, Chicago,
IL, USA) was used for statistical analysis.

RESULTS

Additional immunoreactivity with HDAC1 during myoblast
differentiation

Because HDACI interacts with MyoD,!” a key myogenic
transcription factor, we examined whether either the protein
level or the posttranslational modification of HDACI is altered
during myogenesis. We induced C2C12 cells to differentiate by
switching the culture media from growth media (GM) to
differentiation media (DM) and subsequently examined the
expression of HDACI1. Although we did not observe apparent
changes in the protein levels of HDACI, those of MCK, a
terminal differentiation marker of myogenesis,6 were increased,
particularly in the late phase of differentiation. Interestingly, we
observed an additional faint upper band of HDACI in GM,
and the intensity of the upper band gradually increased when
differentiation was induced (DM 2-6 days, Figure la, arrow-
head). DM did not alter the mRNA level of HDACI, but
induced MCK mRNA expression (Figure 1b). We next assessed
whether DM induces the additional band of HDAC2 and
HDACI in the nuclear fractions of 2-day DM-treated C2C12
cells; the HDACI1-associated upper bands appeared, although
no clear upper band was observed with HDAC2 (Figure 1c¢).

HDACI is sumoylated during myogenesis
We next examined which modification of HDACI is involved
in the differentiation process. We first examined the possibility
of phosphorylation. However, treatment with lamda-protein
phosphatase (Lamda-PPase) did not affect the upper band
(Figure 2a, upper panel). Myogenin is known to be phos-
phorylated during myoblast differentiation.’® Indeed, in our
experimental model, treatment with Lamda-PPase attenuated
the upper phosphorylated band of myogenin and the amount
of the lower unphosphorylated band was increased in a Lamda-
PPase dose-dependent manner (Figure 2a, middle panel).
Sumoylation is mediated by three different SUMO ligases,
El, E2 and E3.27 We observed that a series of sumoylation
inhibitors blocked immunoreactivity; specifically, treatment
with 2-D08, a SUMO EI/E2 ligase inhibitor,”® completely
blocked the upper band (Figure 2b). Similarly, ginkgolic acid, a
SUMO El ligase inhibitor,?” also blocked the band (Figure 2c).
SUMO ligation requires adenosine triphosphate (ATP).3%-33
We examined sumoylation of HDACI in the presence or
absence of ATP by utilizing the SUMO assay kit** in the cell-
free condition. We used both synthetic E1 and E2 proteins and
synthetic in vitro transcribed/translated HDACI. In the pre-
sence of ATP, we observed the sumoylated HDAC1 band that
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Figure 2 New bands are produced by sumoylation. (@) The upper bands did not result from phosphorylation in C2C12 cells. Induction of
upper bands by differentiation media (DM; 6 days) was not blocked by treatment with lamda-protein phosphatase (Lamda-PPase, 800
units for 2 h at 37 °C) that reduces phosphorylation (upper panel). In contrast, DM-induced formation of the myogenin upper bands was
dose-dependently blocked and shifted to the lower band by Lamda-PPase. (b) The upper band disappeared in C2C12 cells after treatment
with 2-DO8 (25 pm, 24 h), a small ubiquitin-like modifier (SUMO) E1/E2 ligase inhibitor. DM was administered for 2 days. (c) The upper
band induced after treatment with DM for 4 days disappeared in C2C12 cells after treatment with ginkgolic acid (25 pm, 24 h), a SUMO
E1 ligase inhibitor. (d) The /n vitro sumoylation assay was performed with a commercially available SUMO kit as described in the Materials
and Methods. We used in vitro translated (ivf) histone deacetylase 1 (HDAC1) and synthetic proteins of E1 and E2 ligases. The sumoylated
bands disappeared in the absence of adenosine triphosphate (ATP). (e) Forced transfection of SUMO1 induces sumoylation of HDACI in
C2C12 cells. At 2 days after transfection with Flag-SUMO1, endogenous HDAC1 was immunoprecipitated using an anti-HDAC1 antibody,
and subsequently the precipitates were separated on the gel for the immunoblot analysis using an anti-Flag antibody (SUMO1). A smearing
pattern was observed by forced expression of SUMO1. (f) Transfection of SUMO1 did not induce sumoylation of MyoD. Either Flag-SUMO1
or HA-MyoD was transfected into 293T cells and immunoprecipitated with an anti-HA antibody. No increase in the smearing pattern was
observed. (g) Differentiation of C2C12 cells induces sumoylation of HDAC1. Endogenous SUMO1 was immunoprecipitated and HDAC1 was
detected. Compared with growth media (GM, second lane), DM enhanced the smearing pattern of HDAC1 (third lane) that was attenuated
by simultaneous treatment with 2-DO8 (fourth lane).

was detected by an anti-HDACI antibody. However, this
sumoylated band was attenuated in the absence of ATP,
suggesting that this sumoylation of HDAC1 is ATP dependent
(Figure 2d, upper panel). Utilization of an anti-SUMOLI
antibody also detected a 72 kDa sumoylated band (Figure 2d,
lower panel), and SUMO-HDACI1 was detected with an anti-
HDACI antibody (upper panel).

Sumoylation of certain proteins can also be demonstrated by
immunoprecipitation between SUMOI protein and the target
molecule.’* We also performed an immunoprecipitation assay
using mammalian expression vectors of SUMOI. Forced
expression of SUMOL1 protein induced a smearing pattern of
HDACI in either C2C12 cells (Figure 2e) or 293T cells (data
not shown), suggesting successful conjugation of SUMOI to
HDACI. In the following studies to induce forced sumoylation,
transfection with either Flag-SUMO1 or HA-SUMOLI to cells
was performed. In our preliminary study utilizing C2C12 cells,
transfection of SUMO?2 did not induce a clear sumoylation
pattern of HDAC1 as SUMOI1 did in our experimental models
(data not shown). To rule out the argument that MyoD can be
directly sumoylated, we assessed whether MyoD is sumoylated
by SUMOIL transfection in 293T cells. However, we could not
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detect sumoylation of MyoD under our experimental condi-
tions (Figure 2f). Using immunoprecipitation assay with
endogenous SUMO1 and HDACI, we observed that HDAC1
was slightly sumoylated in C2C12 cells in GM (Figure 2g,
second lane). Interestingly, the smearing pattern of HDACI
was enhanced when DM was added to C2C12 cells (third lane),
whereas the enhancement was not observed with treatment
with 2-D08 (fourth lane).

HDACI1 sumoylation affects enzymatic activity during
differentiation

The K444 and K476 residues of HDACI are known to be
sumoylated.>>3¢ Those lysine residues together with the whole
structure of HDACI are shown in Figure 3a. We generated a
double mutant construct to express sumoylation-dead HDAC1
by substituting those lysines with arginines (HDACI1 K444-
/476R), designated as HDAC1 2R. To confirm that those
lysines are responsible for the sumoylation of HDACI, we
subsequently performed an immunoprecipitation-based
sumoylation assay with the mutant protein. Transfection of
HDAC1 WT generated additional bands (Figure 3b, second
lane upper panel) compared with the nontransfected group
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Figure 3 Histone deacetylase 1 (HDAC1) sumoylation is required for deacetylase activity. (@) Molecular structure of HDAC1 and the lysine
residues responsible for sumoylation. The predicted sumoylation residues are indicated with arrows. (b) Sumoylation of HDACL is
dependent on lysines 444 and 476. HDAC1 K444/476R was constructed by site-directed mutagenesis and utilized for sumoylation assay
in C2C12 cells. Note that the increase in sumoylation pattern in HDAC1 wild-type (WT) was not observed in HDAC1 2R, indicating that

HDAC1 K444/476 are the main sumoylation residues, and HDAC1

2R can be used as a sumoylation-resistant mutant in the following

studies. (c) HDAC1 sumoylation did not induce nuclear-to-cytosolic shift of HDAC1 in C2C12 cells. To determine the intracellular
localization of HDAC1, 2 days after the transfection of either Flag-HDAC1 WT or Flag-HDAC1 2R, immunocytochemical analysis was
performed using an anti-Flag antibody. Note that HDAC1 2R was still abundant in the nucleus. (d) Western blot analysis with fractionated
C2C12 cells further demonstrated that no cytosolic-nuclear shuttling was observed. C2C12 cells were fractionated at 2 days after the
transfection of either Flag-HDAC1 WT or Flag-HDAC1 2R as indicated. Forced expression of small ubiquitin-like modifier 1 (SUMO1) did
not result in an increase in HDAC1 WT in the cytosol. (e) Deacetylase activity of HDAC1 is dependent on sumoylation under either forced
sumoylation or with differentiation media (DM; 2 days). Basal HDAC1 WT activity was calculated as 1 and the fold changes over basal
activity are displayed. The activity of HDAC1 2R was similar to that of HDAC1 WT. Forced sumoylation significantly increased the HDAC1
WT enzymatic activity and the increase was dramatically attenuated in HDAC1 2R. Although the magnitude was less than that of forced
sumoylation, treatment with DM also significantly increased the deacetylase activity of HDAC1 WT. However, the increase was significantly

reduced in HDAC1 2R. Error bars represent s.e.m. NS, not significant

(arrowheads at right side). However, those additional bands
disappeared when HDAC1 2R was transfected (third lane
upper panel). The expression levels of the WT and mutant
forms were not different (Figure 3b, lower panel).

Protein sumoylation has diverse biological functions, one
of which is the regulation of intracellular localization.’”38
Thus, we first examined whether HDAC1 sumoylation affects
the localization of protein after fractionation of the cellular
components. We examined the intracellular localization
of HDACI by immunocytochemistry analysis and probed
HDACI with an anti-Flag antibody. Both HDAC1 WT and
HDAC1 2R were abundant in the nucleus, and no clear
nuclear-to-cytosolic  shift of HDACI 2R localization was
observed (Figure 3c). We next examined whether forced
sumoylation of HDACI affected its localization. Interestingly,
forced sumoylation slightly decreased the amount of
HDAC1 WT in the nucleus (Figure 3d, second lane right
upper panel). However, the decrease in HDACI WT was
not accompanied by an increase in cytosolic HDACI
(Figure 3d, second lane left upper panel), suggesting that no

, **P<0.01. Numerals in bar graphs are the numbers of samples.

clear nuclear-to-cytosolic shift of HDACI1 protein occurred.
However, the decrease in the nucleus was not observed with
HDAC2 2R (Figure 3d, third lane right upper panel). It has
been reported that HDAC1 sumoylation induces proteasomal
degradation.

We next examined whether HDAC1 sumoylation is required
for the deacetylase activity of HDAC1 and compared the
activity of WT with 2R. HDAC1 2R basal activity was not
different from that of WT (Figure 3e, left two columns).
Interestingly, forced sumoylation by transfection of SUMO1
significantly increased the activity of HDACI1 by threefold.
Surprisingly, the SUMO1-induced increase in HDACI activity
was halved when HDAC2 2R was transfected (middle two
columns). DM also significantly increased HDAC1 WT intrin-
sic activity; however, the increase was blunted in HDACI 2R.
These results suggest that although basal HDACI activity was
not altered, when the sumoylation status is induced by either
forced expression of SUMO1 or DM, deacetylase activity is
upregulated and the increase in activity is sumoylation
dependent.

Experimental & Molecular Medicine
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Figure 4 Histone deacetylase 1 (HDAC1) dissociates from MyoD in myogenesis. (@) HDAC1 dissociates from MyoD during the
differentiation media (DM)-induced differentiation of C2C12 cells. Immunoprecipitation assay was performed using an anti-MyoD antibody,
and subsequently an anti-HDAC1 antibody was used for the immunoblot analysis. Treatment with DM for 2 days tended to increase the
binding of MyoD and HDAC1 (uppermost panel). However, this would be caused by the increase in MyoD during myoblast differentiation
(second and fourth panels). However, with further differentiation after 2 days, the association was gradually decreased, suggesting that
HDAC1 dissociates from MyoD by differentiation. (b) HDAC1 associates with Rb in DM. Binding of HDAC1 to Rb was enhanced even
though the protein amount of Rb was reduced after treatment with DM for 2 days. (c) MyoD is acetylated during C2C12 differentiation.
The acetylation of MyoD was examined by immunoprecipitation assay using anti-acetyl lysine antibody, and subsequently an anti-MyoD
antibody was used for the immunoblot analysis.
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Figure 5 Histone deacetylase 1 (HDAC1) sumoylation is required for its deacetylase activity of MyoD during myoblast differentiation.
(a) The association between HDAC1 and MyoD is slightly reduced in HDAC1 2R. Immunoprecipitation was performed with either HDAC1
WT or HDAC2 2R in 293T cells. The association between HDAC1 2R and MyoD was reduced (first panel). Notably, the input amount of
HDAC1 2R is also less than that of HDAC1 WT (third panel). (b) MyoD deacetylation is dependent on HDAC1 sumoylation. Acetylation of
MyoD was measured by immunoprecipitation-based analysis by utilizing anti-acetyl lysine antibody (a-AcK) in 293T cells. Transfection
of HDAC1 WT decreased the acetylation of MyoD (third lane), suggesting the intact deacetylase activity of HDAC1. HDAC1 2R failed to
deacetylate MyoD (fourth lane). (c¢) Forced sumoylation of HDAC1 caused its dissociation from MyoD. We transfected Flag-HDAC1 WT,
MyoD-HA and SUMO1-Flag into 293T cells as indicated and immunoprecipitation assay was performed. Note that forced sumoylation
reduced the interaction between MyoD and HDAC1 (second vs third lanes in the uppermost panel). (d) Forced sumoylation enhanced
acetylation of MyoD. Transfection of HDAC1 WT induced deacetylation of MyoD (second vs third lanes), whereas co-transfection of small
ubiquitin-like modifier 1 (SUMO1) restored the acetylation of MyoD in 293T cells. Acetylation of MyoD was measured by
immunoprecipitation. (e) Forced sumoylation enhanced the binding of HDAC1 to Rb in C2C12 cells.

HDACI1 dissociates from MyoD to derepress acetylation of First, we assessed whether the binding of HDACI with

MyoD

It is known that MyoD activity and protein amount remain
silent during the proliferative phase of the myoblast that is in
part mediated by the binding of MyoD to HDACI.!6173
During myoblast differentiation into myotubes, however,
HDACI dissociates from MyoD, thus freeing up space for
binding by pCAF.*’ Dissociated HDACI subsequently interacts
with other transcription factors, including the pRb/E2F com-
plex, to induce myoblast proliferation.'® However, the detailed
mechanism of this switching of binding partners is not known.

Experimental & Molecular Medicine

MyoD is altered during myoblast differentiation in our
experimental models. The binding of MyoD to HDACI
seemed to be enhanced after 2 days of treatment with DM
compared with the untreated group (Figure 4a, second vs
third lanes in uppermost panel). However, considering that
MyoD expression is dramatically increased by even 2 days of
DM (second vs third lanes in the second panel and first vs
second lanes in the lowermost panel), the enhancement of
binding might be caused by the simple increase in the
amount of MyoD protein, rather than by the enhancement
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of protein affinity between MyoD and HDACI. HDACI sumoylation is required for its dissociation from

Interestingly, however, the binding affinity was reduced at MyoD during myogenesis
days 4 and 6 of DM treatment; the binding of HDAC1 We examined whether the binding of MyoD to HDACI 2R is

and MyoD was attenuated (third—fifth lanes in uppermost altered compared with HDAC1 WT. Compared with the
panel), although MyoD protein expression was relatively HDACI input control detected using an anti-Flag antibody,
maintained (second panel) or even increased (Figure 4a, substitution of lysines (HDACI WT) with arginines (HDAC1
lowermost panel). In contrast, DM induced the association 2R) slightly reduced the binding of HDACI to MyoD
of HDACI with Rb, suggesting switching of binding (Figure 5a). We next examined whether sumoylation of
partners during myocyte differentiation, as previously described HDACI affects the acetylation status of MyoD using an
(Figure 4b).'8 immunoprecipitation-based acetylation assay with an anti-

Acetylation of MyoD is important for its transcriptional —acetyl lysine antibody. Transfection of HDACI WT decreased
activity, and the acetylation status of MyoD is balanced through  the acetylation of MyoD (Figure 5b, second vs third lanes in
the opposing actions of two enzymes, pCAF (or p300) and upper panel), and this reduction was attenuated when HDAC1
HDACI, that function as an acetyltransferase and deacetylase, 2R was transfected (fourth lane). These results suggest that the
respectively.!” Similarly, in our experimental model, acetylation ~reduction of the MyoD deacetylation activity of HDACI 2R

of MyoD was increased in DM at day 4 compared with GM or  (Figure 5b) results from both the reduction of its deacetylase
DM at day 1 (Figure 4c). activity (Figure 3e) and its dissociation from MyoD (Figure 5a).
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Figure 6 Histone deacetylase 1 (HDAC1)-mediated inhibition of MyoD transactivation is inhibited by HDAC1 2R. (a) Forced sumoylation
enhances HDAC1 action on luciferase activity of the muscle creatine kinase (MCK) promoter in C2C12 cells. HDAC1 wild type (WT)
repressed MCK-luciferase activity (second column). The magnitude of repression of HDAC1 2R (third column) was the same as that of
HDAC1 WT. Forced sumoylation by transfection of small ubiquitin-like modifier 1 (SUMO1) further enhanced HDAC1 WT-induced
repression (fourth column). However, forced sumoylation failed to enhance the HDAC1 2R-induced repression (fifth column). 2-DO8
(25 pm, 24 h)-induced inhibition of sumoylation prevented HDAC1 from its repression of MCK promoter activity. Rather, the MCK promoter
activity was increased by HDAC1 WT (sixth column) or HDAC 2R (seventh column). (b) Forced sumoylation repressed MCK promoter
activity in C2C12 cells. Forced sumoylation depressed the basal MCK promoter activity (first vs second columns). MyoD significantly
increased the MCK promoter activity (third column), but the increase was significantly attenuated by co-transfection of SUMO1 (third vs
fourth columns). (c) Sumoylation is required for the full repressive effect of HDAC1 in C2C12 cells. In the absence of SUMO1, HDAC1-
induced repression of MCK promoter activity was not affected by 2R (second and third columns in left graph). However, in the presence of
forced sumoylation, HDAC1-induced repression was attenuated when HDAC1 2R was used (second and third columns in right graph),
suggesting that sumoylation is required for the full repressive activity of HDAC1. (d) Sumoylation further enhanced the HDAC1-mediated
repressive action of myogenin promoter in C2C12 cells. Forced sumoylation potentiated HDAC1 WT-induced depression of myogenin
promoter (second vs third columns). However, this depression was not observed with HDAC1 2R. (e) Chromatin immunoprecipitation
analysis revealed that HDAC1 2R lost the binding of HDAC1 to E-box-containing MyoD-responsive element of MCK promoter. Either anti-
MyoD or anti-Flag antibody was utilized for the immunoprecipitation of MyoD-transfected C2C12 cell lysates. Compared with HDAC1 WT,
HDAC1 2R lost its binding affinity to MyoD-binding element in MCK promoter region. (f) Chromatin immunoprecipitation analysis showed
that forced sumoylation blocked binding of HDAC1 to MCK promoter. Again, binding of HDAC1 2R was less than that of HDAC1 WT (third
vs fourth lanes). Forced sumoylation completely blocked the binding of HDAC1 WT to MCK promoter (third vs fifth lanes). (g) Forced
sumoylation decreased the binding of HDAC1 WT to MyoD-binding element of myogenin promoter region (fourth vs fifth lanes). M: size
marker. Error bars represent s.e.m. NS, not significant, *P<0.05, **P<0.01. Numerals in bar graphs represent the numbers of samples.
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Figure 1a showed that sumoylation of HDACI was enhanced
during myoblast differentiation. Thus, we examined whether
forced sumoylation mimicked HDACI under the differentiated
conditions by assessing whether forced sumoylation of HDAC1
affects its binding to MyoD. When Flag-SUMO1 was co-
transfected, the binding of MyoD to HDAC1 WT was reduced
(Figure 5c¢, second vs third lanes). However, binding of
HDAC1 2R to MyoD was not significantly affected
(Figure 5c, second vs fourth lanes). Considering that SUMOL1
transfection failed to inhibit the interaction between MyoD and
HDACI 2R, the reduction of HDAC1 WT binding to MyoD
must be dependent on the K444 and K476 residues of HDACI
(Figure 5c). We extended this analysis by assessing whether
forced sumoylation and subsequent dissociation of HDACI
from MyoD (Figure 5c) would result in the recovery of the
acetylation of MyoD. As expected, HDACI WT-induced
deacetylation of MyoD (second vs third lanes) was recovered
when SUMOIL was transfected (Figure 5d, third vs fourth
lanes). Interestingly, forced sumoylation of HDACI induced
the enhancement of its binding to Rb in C2C12 cells
(Figure 5e) and in 293T cells (data not shown). These results
suggest that HDAC1 binding to MyoD and the subsequent
deacetylation of MyoD are reduced either through forced
sumoylation of HDAC1 (Figures 5c and d), which simulates
the late phase of differentiation (Figure la), or the loss of the
sumoylation residue (Figures 5a and b). In addition, sumoyla-
tion of HDACI induces its dissociation from MyoD and
association with Rb (Figure 5e).

HDACI sumoylation attenuates MyoD-induced
transcriptional activity of MCK and myogenin promoter

As a key myogenic transcription factor, MyoD induces the
transcription of downstream targets, such as MCK and
myogenin, through direct association with MyoD binding
elements containing an E-box in the promoter.*! We assumed
that the HDAC1 sumoylation-dependent alteration of MyoD
acetylation and HDACI binding to MyoD might result in the
regulation of the transcriptional activity of MyoD targets. After
transfection of HDAC1 WT, MCK promoter luciferase activity
was halved compared with the mock-transfected control
(Figure 64, first vs second columns). HDACI 2R also decreased
MCK luciferase activity, and the magnitude of the decrease was
similar to that of WT (second vs third columns), further
suggesting that the basal activity of HDACI 2R is the same as
that of WT (Figure 3e, left two columns). Forced sumoylation
further decreased MCK promoter activity (Figure 6a, second vs
fourth columns), suggesting an enhancement of the deacetyla-
tion activity, as shown in the first vs third columns in
Figure 3e. Interestingly, this potentiation of reduction was
not observed when HDAC1 2R was used (Figure 6a, third vs
fifth columns), suggesting that the forced sumoylation-
dependent enhancement of the reduction of the MCK pro-
moter is dependent on K444 and K476. The E1/E2 ligase
inhibitor, 2-D08, slightly but significantly increased basal MCK
promoter activity (Figure 6a, first vs sixth columns).
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In the absence of HDAC1 overexpression, transfection of
Flag-SUMO1 decreased basal MCK promoter activity
(Figure 6b, first vs second columns). Forced expression of
SUMOI1 also blunted MyoD-induced transactivation of MCK
promoter (Figure 6b, third vs fourth columns). MyoD-induced
transactivation of MCK promoter was reduced to 30% after co-
transfection of HDAC1 WT, but the magnitude of the
reduction was similar to that of HDAC1 2R (Figure 6¢, left
graph). However, in the presence of forced sumoylation
through transfection of Flag-SUMOI1, the HDACI
WT-induced reduction of promoter activity was blunted with
HDACI 2R (right graph). HDAC1 WT-induced reduction of
myogenin promoter activity was also enhanced after forced
sumoylation (Figure 6d, second vs third columns) that was
recovered by HDACI1 2R (fourth column).

Using the chromatin immunoprecipitation assay, we further
examined whether HDAC1 sumoylation-dependent regulation
of MyoD transcriptional activity is accompanied by binding of
the HDAC1/MyoD complex to the MyoD binding element of
the MCK promoter. After transfection of either Flag-HDAC1
WT or Flag-HDACI1 2R, an anti-Flag antibody was used to
precipitate HDACI to assess the association of HDACI with
the MyoD-binding element of the MCK promoter. Compared
with WT, HDAC1 2R lost its binding affinity to the MCK
promoter (Figure 6e, third vs fourth lanes). We repeated the
chromatin immunoprecipitation assay under forced sumoyla-
tion conditions. Similarly, the binding of HDAC1 2R to the
MyoD-binding element was reduced compared with that of
HDAC1 WT (Figure 6f, third vs fourth lanes). Interestingly,
forced sumoylation completely abolished the binding of
HDAC1 WT to the MyoD element (third vs fifth lanes).
Moreover, the binding of HDAC1 2R to the MyoD element
was further blocked by forced sumoylation (fourth vs sixth
lanes). However, compared with WT, HDAC1 2R slightly
restored its binding to the MyoD element under forced
sumoylation (fifth vs sixth lanes). We performed a similar
experiment using the myogenin promoter spanning the MyoD-
binding element E-box (Figure 6g). Binding of HDAC1 WT to
the myogenin promoter was dramatically reduced through
forced expression of HA-SUMOIL (fourth vs fifth lanes).

HDACI1 sumoylation is required for HDAC1-mediated
inhibition of myocyte differentiation
We next examined whether sumoylation of HDACI affects the
overall differentiation of myoblasts and myotube formation.
Switching the culture media from GM to DM for 1 day
significantly increased the mRNA amount of both MCK
(Figure 7a) and myogenin (Figure 7b) that was dramatically
attenuated by transfection of HDAC1 WT. Compared with
HDAC1 WT, however, transfection of HDAC1 2R relieved the
repression (Figures 7a and b). Similarly, after treatment with
DM for 1 day, the protein levels of MCK and myogenin were
reduced by transfection of HDAC1 WT that was not observed
after transfection of HDACI 2R (Figure 7c).

Multinucleation is a key marker of sarcomeric muscle
differentiation and myotube formation. We thus examined
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Figure 7 Histone deacetylase 1 (HDAC1)-induced depression of myogenic differentiation is dependent on sumoylation of HDAC1 in C2C12
cells. (a) Repression of muscle creatine kinase (MCK) mRNA is dependent on sumoylation of HDAC1. Switching from growth media (GM)
to differentiation media (DM) significantly increased MCK mRNA level (first vs fourth columns). The increase was significantly blocked
when HDAC1 wild type (WT) was co-transfected (fourth vs fifth columns). However, the inhibition was not observed when HDAC1 2R was
used (fourth to sixth columns). (b) Sumoylation of HDAC1 also affects the repression of myogenin mRNA level. HDAC1 WT significantly
blocked the DM-induced increase in myogenin mRNA (fourth vs fifth columns). However, this was relieved when HDAC1 2R was
transfected (sixth column). (c) Reductions of protein levels of MCK and myogenin were also blunted when HDAC1 2R was transfected.
(d) Transfection of MyoD further increased DM-induced multinucleation of C2C12 cells (first vs second columns). However, this increase
was completely blocked when HDAC1 WT was transfected (third column). The inhibition was not observed with HDAC1 2R (fourth
column). After the transfection of plasmids as indicated, the C2C12 cells were treated with DM for 4 days. The nuclei were visualized
using 4',6-diamidino-2-phenylindole (DAPI) staining, and C2C12 cells containing more than 2 nuclei were counted as multinucleated
cells. A total of 10 randomly selected fields per well were evaluated, averaged and calculated as one case. (e) Immunocytochemical
analysis was performed with an anti-a-myosin heave chain (a-MyHC) antibody to visualize the cellular shapes. DM (2 days) induced
changes of the morphology of C2C12 cells to an elongated or polygonal shape. The a-MyHC was evenly distributed in the entire cellular
spaces (left image). Transfection of HDAC1 WT prevented this change and cells formed a spindle shape with fibroblast-like features.
a-MyHC was localized in the perinuclear space. HDAC1 2R failed to induce the changes in cell shape. Red color represents a-MyHC,
whereas blue indicates nucleus. (f) For further visualization of the C2C12 cell shape changes, phalloidin was utilized to stain F-actin. After
treatment with DM for 4 days, the C2C12 cells were fixed and stained with Texas Red-X-phalloidin and DAPI. DM-induced polygonal
changes of the C2C12 shape were blocked by the transfection of HDAC1 WT (middle image). These changes were not observed when
HDAC1 2R was transfected (right image). *P<0.05, **P<0.01.

multinucleation after transfection of either HDAC1 WT or 2R.  staining of F-actin with Texas Red-X-phalloidin (Figure 7f).

Switching to DM increased the multinucleated cell numbers
that were significantly reduced by transfection of HDAC1 WT
(Figure 7d, second vs third columns). However, HDACI1 2R
failed to inhibit multinucleation of C2C12 cells (third vs fourth
columns). Cellular shapes were observed after immunocyto-
chemical analysis using an anti «-MyHC antibody (Figure 7e).
DM induced fibroblast-like polygonal shapes of C2C12 cells
that was blocked by transfection with HDAC1 WT. However,
these changes were not observed when HDACI 2R was
transfected (Figure 7e). Cellular shape was also assessed after

The HDACI-induced impairment of differentiation was not
observed in HDACI 2R. These results suggest that sumoylation
of HDACI is required for HDACI-mediated inhibition of
myotube differentiation.

DISCUSSION

In the present study, we identified a novel sumoylation
signaling pathway for HDAC1 in MyoD-mediated myogenesis.
Specifically, basal sumoylation of HDACI in undifferentiated
myoblasts enhances deacetylation of MyoD, whereas a further

Experimental & Molecular Medicine
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increase in sumoylation of HDACI during differentiation may
contribute to the switching of HDACI binding from MyoD to
Rb (Figure 8).

Recent evidence suggests that the activities of transcription
factors can be altered or even redirected by posttranslational
modifications. Unlike modifications with relatively small che-
mical moieties, such as acetylation, phosphorylation and
methylation, conjugation of a large protein to the lysine
residues of a target molecule is involved in both ubiquitination
and sumoylation. Polyubiquitination-dependent proteasomal
degradation of a target protein is an example of this type of
protein modification. Other recent evidence suggests that
monoubiquitination and conjugation of ubiquitin-like proteins
may also play direct roles in modulating protein function.*?
Generally, sumoylation of nuclear receptors is associated with
transcriptional repression, particularly via transrepression, and
both ligand-operated sumoylation and signal-dependent cross-
talk may further contribute to modulate transcriptional regula-
tion of nuclear receptors.*?

Notably, sumoylation was initially described as a regulator of
intranuclear localization of nuclear receptors and an inducer of
the translocation of target proteins into promyelocytic leuke-
mia protein bodies or nuclear speckles.®4445 Although the
present study did not reveal the intranuclear localization of
sumoylated HDACI, the localization issue may also contribute
to the regulation of MyoD by sumoylated HDACI. Indeed,
HDACI sumoylation might contribute to the dissociation of
HDACI1 from MyoD in the relatively late phase of myocyte
differentiation, as observed in Figures 4a and 5c.

Two independent groups demonstrated that the sumoylation
sites of HDACI are K444 and K476, although a consensus has
not been reached on the function of sumoylation. For example,
Colombo et al>> did not observe changes in the enzymatic
activity of HDACI1 2R compared with WT. In contrast, David
et al>® reported a 60% reduction of activity of the mutant.
We also observed that mutation of HDACI did not impair the

Figure 8 The effect of sumoylation of histone deacetylase 1
(HDAC1). (Left) In the quiescent phase of undifferentiated
myoblasts, basally sumoylated HDAC1 with basal deacetylase
activity binds to MyoD and thereby inhibits the transactivation of
MyoD. HDACI1 inhibits acetylation of both MyoD and histones
associated with promoters of MyoD target genes. (Right) During
myoblast differentiation, enhancement of sumoylation of HDAC1
induces its dissociation from MyoD. This dissociation relieves the
repression of MyoD and thereby induces the transactivation of
MyoD target genes. A, acetylation; S, sumoylation.
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basal activity (Figure 3f, left two columns); interestingly,
however, under forced sumoylation conditions through trans-
fection of SUMOLI, the activity of HDACI 2R was significantly
reduced compared with WT (Figure 3f, middle two columns),
suggesting that the discrepancies between the two groups
reflects basal sumoylation conditions. In the present study,
we observed that DM induces sumoylation of HDACI that
may increase HDACI activity, and this increase was slightly but
significantly attenuated with HDACI1 2R (Figure 3e, right two
columns).

Direct binding of MyoD with HDACI in association with
other transcriptional repressors has been well demonstrated, as
described in the Introduction. Indeed, the association of
HDAC1 with MyoD causes the deacetylation of histones in
the promoter region of MyoD target genes. However, as
described by two independent groups,*®*” MyoD itself can be
an acetylation target. Acetylation of MyoD transactivates
downstream target myogenic genes and thereby initiates the
muscle program. As for acetyltransferases, both pCAF*® and
p300* have been demonstrated, whereas deacetylation is
primarily mediated by HDACL.'7 In the present study, we
investigated sumoylation of HDACI in muscle cells, and the
results successfully extended the mechanism of HDAC1/MyoD
signaling in myogenesis.

So what is the biological implication of HDAC1 sumoylation
and its role in the MyoD pathway during myogenesis? Herein,
we showed that differentiation enhanced sumoylation of
HDAC1 and further activated its enzymatic activity
(Figure 3e). However, sustained HDACI activation may not
result in persistent inhibition of MyoD; rather, sumoylation of
HDAC1 during myoblast differentiation (Figure la) may
contribute to the dissociation of HDACI from MyoD
(Figure 4a) following acetylation of MyoD (Figure 4c), result-
ing in the failure of further inhibition, although HDACI is
activated by enhanced sumoylation during myogenic differ-
entiation. Indeed, considering that forced sumoylation reduces
the binding of HDACI WT to MyoD (Figure 5¢) and thereby
to MyoD-binding elements in the target gene promoters
(Figures 6f and g), sumoylation itself might induce dissociation
of HDACI from MyoD during differentiation. Notably, there
might be targets of forced sumoylation other than HDAC1 that
indirectly affect the binding of MyoD and HDACI. However,
considering that forced sumoylation failed to block the binding
of HDACI 2R to MyoD (Figure 5¢) and HDACI 2R restored
binding to the MyoD element under forced sumoylation
(Figure 6f), it is highly plausible that the SUMO-mediated
interference of binding of HDAC1 and MyoD is dependent on
sumoylation of HDACI itself. Thus, HDACI sumoylation plays
dual roles: (1) inhibition of MyoD transactivation by basally
sumoylated HDACI in quiescent myoblasts (left drawing in
Figure 8) and (2) switching of binding partners of HDACI1
from MyoD to Rb and following derepression of MyoD
transactivation during differentiation where further enhance-
ment of sumoylation occurs (right in Figure 8).

We observed that both forced sumoylation of HDAC1 WT
(Figure 5¢) and HDACI 2R (Figure 5a) induce its dissociation



from MyoD and from the MyoD-binding element in the MCK
promoter (Figure 6e). Considering that HDACI 2R, a sumo-
resistant mutant, was utilized to simulate the ‘unsumoylated
condition’ of HDACI, these two observations somewhat
contradict each other concerning the ultimate function of
sumoylation in the association of HDAC1 with MyoD. How-
ever, considering that in the basal quiescent condition without
further sumoylation stimuli in GM, HDACI WT can interact
well with MyoD, it is plausible that the dissociation of HDAC1
2R from MyoD might reflect alterations of the molecular
structure. Together with the reduction of intrinsic deacetylation
activity, this dissociation of HDACI 2R may explain its
function in the recovery of MyoD acetylation (Figure 5b)
and thereby derepression of the myogenic program in DM
(Figure 7). If HDACI1 2R has two functions of ‘sumo-dead’ and
‘structural alteration’, then HDAC1 2R might not simulate the
‘unsumoylated’ condition per se that may limit the interpreta-
tion of these experimental results.

Although SUMO?2 can induce sumoylation of HDACI in
breast cancer cells,*® SUMOI predominates in myoblast cells
over SUMO2. In the present study, we did not examine a
specific E3 ligase for HDACI1 sumoylation during myogenesis.
However, further studies are required to determine the E3
ligase that induces sumoylation of HDACI in skeletal muscle
and to establish the implication of persistent sumoylation of
HDACI, even after dissociation from MyoD during myogen-
esis. Nonetheless, this study may have implications as the first
demonstration of HDAC1 sumoylation-mediated regulation of
the MyoD signaling pathway.
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