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Background: O-Linked β-N-acetylglucosaminylation (O-GlcNAcylation) on the Ser/Thr residue of nucleocyto-
plasmic proteins is a dynamic post-translational modification found in multicellular organisms. More than
500 proteins involved in a wide range of cellular functions, including cell cycle, transcription, epigenesis,
and glucose sensing, are modified with O-GlcNAc. Although it has been suggested that O-GlcNAcylation is in-
volved in the differentiation of cells in a lineage-specific manner, its role in skeletal myogenesis is unknown.
Methods and results: A myogenesis-dependent drastic decrease in the levels of O-GlcNAcylation was found in
mouse C2C12 myoblasts. The global decrease in O-GlcNAcylation was observed at the earlier stage of myo-
genesis, prior to myoblast fusion. Genetic or pharmacological inactivation of O-GlcNAcase blocked both the
myogenesis-dependent global decrease in O-GlcNAcylation and myoblast fusion. Although inactivation of
O-GlcNAcase affected neither cell-cycle exit nor cell survival in response to myogenic stimulus, it perturbed
the expression of myogenic regulatory factors. While the expression of myod and myf5 in response to
myogenic induction was not affected, that of myogenin and mrf4 was severely inhibited by the inactivation

of O-GlcNAcase.
Conclusion: These results indicate that the terminal differentiation program of skeletal myogenesis is nega-
tively regulated by O-GlcNAcylation.
General significance: O-GlcNAcylation is involved in differentiation in a cell lineage-dependent manner, and a
decrease in O-GlcNAcylation may have a common role in the differentiation of cells of muscle lineage.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

O-Linked β-N-acetylglucosaminylation (O-GlcNAcylation) on the
serine or threonine residue of nucleocytoplasmic proteins is a ubiqui-
tous post-translational modification found in the multicellular organ-
isms studied to date [1]. Its addition and removal are dynamically
regulated by O-GlcNAc transferase (OGT) and O-GlcNAcase, respec-
tively [1]. More than 500 proteins, including those involved in the
regulation of the cell cycle [2,3], transcription [1,4], epigenesis [5,6],
stress response [7,8], and glucose sensing [9,10], have now been iden-
tified as O-GlcNAcylated. Thus O-GlcNAcylation is thought to be an
important modulator of various cellular functions throughout life. In
addition, it has been reported that OGT is essential for mouse ES cell
dish peroxidase; MHC, myosin
cylation, O-linked β-N-acetyl-
olyvinylidene difluoride
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viability [11]. Tissue-specific mutations of ogt in mice results in apo-
ptosis in T cells and neurons, and growth arrest in fibroblasts [12].
Hence, O-GlcNAcylation is thought to be not only essential for the
development of mammals, but also to be involved in cells in a
tissue-specific manner at later stages.

Recently, the involvement of O-GlcNAcylation for differentiation
has been demonstrated in several cell lines. During ascorbic acid-
induced osteoblastic differentiation, mouse MC3T3-E1 preosteoblasts
show a global increase in O-GlcNAcylation, and the transcriptional
activity of Runx2, an essential transcription factor for osteoblast dif-
ferentiation, is positively regulated by O-GlcNAcylation [13]. In
human HL60 promyelocytes, an increase in O-GlcNAcylation of a his-
tone lysine methyltransferase, MLL5, facilitates retinoic acid-induced
granulopoiesis through methylation of histone H3K4 [14]. The
expression pattern of O-GlcNAcylated proteins in mouse embryonic
neuroepithelial cells, which are rich in neural stem cells, is quite
different from that in adult brain tissues [15]. During spontaneous
cardiogenesis of mouse ES cells, a global decrease in O-
GlcNAcylation is involved in cardiomyocyte development [16].
Although O-GlcNAcylation of C/EBPβ, a key transcription factor of

http://dx.doi.org/10.1016/j.bbagen.2011.10.011
mailto:k_kamemura@nagahama-i-bio.ac.jp
http://dx.doi.org/10.1016/j.bbagen.2011.10.011
http://www.sciencedirect.com/science/journal/03044165


25M. Ogawa et al. / Biochimica et Biophysica Acta 1820 (2012) 24–32
adipogenesis at the earlier stage, negatively regulates DNA binding
activity of C/EBPβ [17], mouse 3T3-L1 preadipocytes show a drastic
increase in global O-GlcNAcylation during adipogenesis at the later
stage [18]. These lines of evidence suggest that O-GlcNAcylation is
involved in differentiation in a cell lineage-dependent manner.

In this study, we demonstrate that mouse C2C12 myoblasts show a
drastic decrease in the levels of O-GlcNAcylation during serum
reduction-induced skeletal myogenesis. Inhibition of the myogenesis-
dependent decrease in O-GlcNAcylation resulted in suppression of
both the expression of muscle-specific genes such as myosin heavy
chain (MHC), and myoblast fusion. Furthermore, we show that the
myogenesis-dependent decrease in O-GlcNAcylation was required for
expression of themyogenic regulatory factors (MRFs), such asmyogenin
andmrf4, but not for exit from the cell cycle. These results indicate that
the skeletal myogenic program is negatively regulated by O-
GlcNAcylation.

2. Materials and methods

2.1. Materials

Anti-O-GlcNAc (CTD110.6), anti-OGT (AL25), and anti-O-GlcNA-
case (345) antibodies were kind gifts from Dr. Gerald W. Hart
(Johns Hopkins University School of Medicine, Baltimore, MD). Anti-
β-actin (I-19) and anti-myogenin (F5D) antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-MHC (MY-32)
antibody was obtained from Sigma-Aldrich (St. Louis, MO), and
anti-O-GlcNAc (RL2) antibody from Affinity Bioreagents (Golden,
CO). Horseradish peroxidase (HRP)-conjugated anti-mouse IgG and
HRP-anti-rabbit IgG antibodies were obtained from GE Healthcare
(Buckinghamshire, UK), and HRP-anti-goat IgG antibody from R & D
systems (Minneapolis, MN). Thiamet G was obtained from Cayman
Chemical Co. (Ann Arbor, MI).

2.2. Cell culture

C2C12 myoblasts (DS Pharma Biomedical, Osaka, Japan) were
grown in DMEM supplemented with heat-inactivated 10% fetal
bovine serum (FBS) (growth medium). To induce terminal differenti-
ation, C2C12 myoblasts were plated at a density of 3×105 cells/9 cm2

onto the dish coated with BD Matrigel (BD Biosciences, Bedford, MA)
and cultured in growth medium. After 24 h, growth medium was
replaced by DMEM supplemented with heat-inactivated 2% horse
serum (differentiation medium), and the cells were re-fed differenti-
ation medium every other day.

2.3. Protein extraction and Western blotting

Cells were resuspended in 100 μL of 50 mM Tris–HCl (pH 7.4),
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and protease inhibitor
cocktail (Nacalai Tesque Inc., Kyoto, Japan), incubated for 15 min,
and centrifuged at 13,200 rpm for 15 min. The clarified supernatants
were used for Western blotting. Total protein concentration of the
sample was measured by a BCA Protein Assay Kit (Pierce, Rockford,
IL). For detection of the proteins in Western blots, 3–10 μg of each
sample was run on SDS-polyacrylamide gel, electroblotted onto a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford,
MA), and subjected to immunodetection using an appropriate prima-
ry antibody. Proteins were visualized by HRP-conjugated secondary
antibody and enhanced chemiluminescence.

2.4. May–Grünwald Giemsa staining

Cells were fixed with cold methanol for 15 min and permeabilized
with 1% Triton X-100 in PBS for 5 min. After two washes with
phosphate-buffered saline (pH 7.2), cells were stained with May–
Grünwald stain for 5 min, washed with phosphate-buffered saline
(pH 6.4), and re-stained with Giemsa stain for 20 min. As a morpho-
logical parameter of myotube formation, the fusion index was calcu-
lated as the number of nuclei residing in cells containing three or
more nuclei, divided by the total number of nuclei in May–Grünwald
Giemsa stained cells.
2.5. Proliferation and cytotoxicity assays

To monitor proliferation or cytotoxicity, cells were seeded in trip-
licate into 96-well plates at a density of 2×104 cells/well and cultured
in growth medium. After 24 h, growth medium was replaced by dif-
ferentiation medium. The cells were re-fed differentiation medium
every other day.

Viable cells were counted at the indicated time points using a XTT
Cell Proliferation Kit II (Roche, Mannheim, Germany). Cytotoxicity
was assessed at the indicated time points using LDH Cytotoxicity
Detection Kit Plus (Roche). For both assays, plates were analyzed in
a microtiter plate reader at 492 nm with a reference wavelength of
620 nm.
2.6. Quantitative RT-PCR analysis

RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA)
and reverse transcription was performed using ReverTra Ace
(Toyobo, Osaka, Japan) and oligo (dT)15 primer (Merck, Rahway,
NJ). Real-time polymerase chain reaction (PCR) was performed
using SYBR Green I Master (Roche), and real-time detection of PCR
products was carried out using a Light Cycler 488 Real-Time PCR sys-
tem (Roche). β-2 Microglobulin was used as the internal control to
normalize the data. Samples were quantified relative to the CT
(using the 2−ΔΔCT method [19], where CT is the threshold cycle
value) of the internal control. All primers used are shown in Supple-
mentary Table 1.
2.7. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in PBS for 15 min and
permeabilized with 0.5% Triton X-100 in PBS for 15 min. After two
washes with PBS, cells were incubated with PBS containing 4% FBS
for blocking, and incubated overnight at 4 °C with an appropriate pri-
mary antibody diluted in PBS containing 4% FBS. Cells were washed
once with PBS and incubated with Alexa fluor 488-conjugated sec-
ondary antibody (Invitrogen) diluted in PBS for 2 h. Nuclei were
then stained with DAPI, and the samples were analyzed using an
epifluorescence microscope. The index of myogenin- or MHC-
positive cells was calculated as the number of nuclei residing in
myogenin- or MHC-positive cells divided by the total number of
DAPI-stained nuclei.
2.8. Small interfering RNA (siRNA)

Mouse O-GlcNAcase siRNA (siGENOME SMARTpool M-059543-
01-0005) and non-targeting siRNA (siGENOME D-001206-14-05)
were obtained from Thermo Fisher Scientific (Waltham, MA). siRNA
was transfected into C2C12 cells using the N-TER Nanoparticle
siRNA Transfection System (Sigma-Aldrich) according to the manu-
facturer's protocol. Briefly, C2C12 cells were transiently transfected
with 50 nM of O-GlcNAcase siRNA (siOGA) or non-targeting siRNA
(control) at four time points in the process of induction of differenti-
ation. The time points of transient siRNA transfection were 24 h be-
fore induction of differentiation, on induction, and 48 h and 96 h
after induction.
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3. Results

3.1. Characterization of O-GlcNAcylation in skeletal myogenic differentiation

In response to myogenic stimulus, myoblasts exit from the cell
cycle, activate the skeletal myogenic program, and begin to form
multinucleated myotubes [20–22]. Upon induction of differentiation,
C2C12 myoblasts arrested at G0/G1 phase and showed elongated cell
Fig. 1. Characterization of O-GlcNAcylation in skeletal myogenic differentiation. C2C12 myo
entiating cells at intervals of 24 h visualized with May–Grünwald Giemsa stain. Bar, 100 μm
globulinwas used as loading control. (C and D) Representative Western blot of whole cell lys
C, the specificity of the immunoreactivity of both CTD110.6 and RL2 was confirmed by hapt
relative O-GlcNAc level of bands a to e obtained by densitometric analyses of Western blo
GlcNAcase obtained by densitometric analyses of Western blots were represented as mean
morphology on day 1 (Fig. 1A and Supplementary Fig. 1). At the
same time, the expression ofmyogenin, which is a critical MRF for ter-
minal differentiation of myoblasts [21], was detected (Fig. 1B). Both
the formation of multinucleated myotubes and the expression of
mhc, a muscle-specific gene, were observed on and after day 3 (Fig.
1A and B). To characterize O-GlcNAcylation in myogenic differentia-
tion, both the levels and patterns of O-GlcNAcylation were monitored
at intervals of 24 h during myogenesis by Western blotting using
blasts were induced to differentiate for 5 days. (A) Representative image of the differ-
. (B) Representative RT-PCR analysis of the expression of mhc and myogenin. β-2 Micro-
ates probed with the indicated antibodies. β-Actin was used as loading control. In panel
en inhibition test using 0.5 M GlcNAc to day 0 sample (0+GlcNAc). In panel C bottom,
ts was represented. In panel D bottom, relative expression levels of both OGT and O-
±standard error (n=3).
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anti-O-GlcNAc antibodies, CTD110.6 and RL2 (Fig. 1C). It has been
shown that both CTD110.6 and RL2 require O-GlcNAc as part of
their epitopes, and that they show different specificities [23]. As
shown in Fig. 1C, levels of O-GlcNAcylation in myoblasts were main-
tained until day 1 and then significantly decreased on and after day
2 in both CTD110.6 and RL2 blots, especially five protein bands
which have molecular weights higher than 50 kDa (Fig. 1C, bands a
to e). In addition to this decrease in levels, the cells had altered pat-
terns of O-GlcNAcylated proteins on and after day 2. The immunore-
activity of both CTD110.6 and RL2 to day 0 sample was specifically
Fig. 2. Pharmacological inhibition of O-GlcNAcase blocks myogenic differentiation. C2C12 m
(A) Representative image of the May–Grünwald Giemsa stained cells. Bar, 100 μm. (B and C)
β-Actin was used as loading control. In panel C bottom, relative expression levels of both O
sented as mean±standard error (n=3). (D) Top panels, the cells were induced to differen
sualized with May–Grünwald Giemsa stain. Bar, 200 μm. Bottom panel, the fusion index wa
divided by the total number of nuclei in May–Grünwald Giemsa stained cells. Data represe
competed away in the presence of 0.5 M GlcNAc (Fig. 1C, lane 0
+GlcNAc). This result indicates that O-GlcNAcylation may play a
role in skeletal myogenesis before the formation of myotubes.

O-GlcNAc cycling (addition and removal) is regulated by OGT and
O-GlcNAcase [1]. In order to understand the mechanism of the de-
crease in O-GlcNAcylation during myogenic differentiation of C2C12
cells, the expression levels of OGT and O-GlcNAcase were monitored
at intervals of 24 h by both Western blotting and quantitative RT-
PCR. As shown in Fig. 1D, expression levels of both OGT and O-
GlcNAcase were increased on day 1 and remained constant thereafter
yoblasts were induced to differentiate in the presence of 50 nM of thiamet G for 5 days.
Representative Western blot of whole cell lysates probed with the indicated antibodies.
GT and O-GlcNAcase obtained by densitometric analyses of Western blots were repre-
tiate for 5 days in the absence (control) or the presence of 50 nM of thiamet G, and vi-
s calculated as the number of nuclei residing in cells containing three or more nuclei,
nts mean±standard error (n=5, *pb0.01, **pb0.05).

image of Fig.�2
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(approximately 2-fold for OGT and 1.7-fold for O-GlcNAcase com-
pared with day 0). Similarly, mRNA expression levels of both ogt
and o-glcnacase were increased by several-fold on and after day 1
(Supplementary Fig. 2). This result indicates that the expression of
both OGT and O-GlcNAcase is stimulated by the induction of differen-
tiation, and the increase of O-GlcNAcase expression may participate
at least in part in the decrease in O-GlcNAcylation during myogenesis
of C2C12 cells.

3.2. Inhibition of O-GlcNAcase blocked myogenic differentiation

To examine whether the decrease in O-GlcNAcylation is required
for skeletal myogenesis, C2C12 myoblasts were induced to differenti-
ate in the presence of thiamet G, a very potent and highly specific in-
hibitor for O-GlcNAcase [24]. Interestingly, thiamet G-treated C2C12
myoblasts showed elongated cell morphology on day 1, but most of
the cells remained mononucleated until at least day 5 (Fig. 2A).
Thiamet G blocked the myogenesis-dependent global decrease in O-
GlcNAcylation, increased the level of O-GlcNAcylation on day 1, and
remained constant thereafter during myogenesis (Fig. 2B). Although
the expression level of both OGT and its mRNA remained constant,
that of both O-GlcNAcase and its mRNA increased significantly on
and after day 1 by thiamet G treatment (Fig. 2C and Supplementary
Fig. 2). The increase in O-GlcNAcase expression by thiamet G treat-
ment would be a compensatory effect of cells in response to the
Fig. 3. Myogenic differentiation is suppressed by knockdown of O-GlcNAcase. O-GlcNAcase w
resentative Western blot of whole cell lysates probed with the indicated antibodies. β-Actin
GlcNAcase siRNA (siOGA) or non-targeting siRNA (control) was treated during myogenic in
Bottom panel, the fusion index was calculated as mentioned in Fig. 2. Data represents mea
change in O-GlcNAc level as reported [2, 25]. C2C12 myoblasts were
induced to differentiate in the presence or the absence of thiamet G
until day 5, and cells were visualized with May–Grünwald Giemsa
stain (Fig. 2D). As a morphological parameter of myotube formation,
the fusion index was calculated as described in the Materials and
methods. As shown in Fig. 2D, the fusion index of the cells containing
three or more nuclei was 5.04±2.84% in the cells that differentiated
in the presence of thiamet G, which is significantly lower than that
of the cells that differentiated in the absence of thiamet G (control,
36.09±5.14%). In particular, multinucleated myotubes containing
six or more nuclei were hardly observed in the thiamet G-treated
cells. Similar results were obtained by another O-GlcNAcase inhibitor,
PUGNAc (Supplementary Fig. 3).

To confirm that the effect of O-GlcNAcase inhibitor on the sup-
pression of the formation of myotubes depends on its inhibitory
activity toward O-GlcNAcase, we performed an RNA interference of
O-GlcNAcase and monitored its effect on the suppression of myotube
formation. The dose-dependent efficiency of the transient transfec-
tion of siOGA in C2C12 myoblasts was confirmed (Supplementary
Fig. 4). As shown in Fig. 3A, the expression of O-GlcNAcase was clearly
suppressed on and after day 1 by the transient transfection of siOGA.
The myogenesis-dependent global decrease in O-GlcNAcylation
(Fig. 1C) was almost blocked by the knockdown of O-GlcNAcase
(Fig. 3B). Similar to the O-GlcNAcase inhibitor-treated C2C12 cells,
most of the O-GlcNAcase-knockdown cells remained mononucleated
as knocked down during myogenic induction of C2C12 cells for 5 days. (A and B) Rep-
was used as loading control. An asterisk indicates non-specific signal. (C) Top panels, O-
duction, and the cells were visualized with May–Grünwald Giemsa stain. Bar, 200 μm.
n±standard error (n=5, *pb0.01).

image of Fig.�3
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until at least day 5 (Fig. 3C). As shown in Fig. 3C, the fusion index of
the cells containing three or more nuclei was 9.47±3.85% in the O-
GlcNAcase-knockdown cells, which is clearly lower than that of the
control siRNA-treated cells (29.21±4.06%). In addition, the fusion
index of the multinucleated myotubes containing six or more nuclei
in the O-GlcNAcase-knockdown cells was significantly smaller than
that of the control siRNA-treated cells.

These results indicate that the myogenesis-dependent decrease in
O-GlcNAcylation is involved in the process before the formation of
myotubes.
3.3. Inhibition of O-GlcNAcase does not affect cell survival during
myogenic differentiation

To address the effect of O-GlcNAcase inhibition on the earlier step
of myogenic differentiation before the formation of myotubes, we an-
alyzed the effect of thiamet G on the early events upon induction of
myogenic differentiation. Flow cytometric analysis showed that thia-
met G did not affect cell cycle arrest of differentiation-induced C2C12
cells at G0/G1 phase on day 1 (Supplementary Fig. 1). As shown in Fig.
4A and B, thiamet G-treated cells showed a similar change in the
quantities of both living and dead cells compared with control cells
until day 3, indicating that inhibition of O-GlcNAcase did not affect
cell survival during myogenic differentiation of C2C12 cells.

During myogenic differentiation, migration and alignment of the
cells precedes cell fusion to form multinucleated myotubes [22]. To
assess the effect of thiamet G on cell motility, C2C12 myoblasts
were cultured in growth medium in the absence or presence of
thiamet G, and a Boyden chamber assay was performed. Thiamet G
treatment did not affect the number of cells that traversed the mem-
brane (Supplementary Fig. 5), indicating that inhibition of O-
GlcNAcase may have no influence on the motility of C2C12 cells dur-
ing myogenic differentiation.
Fig. 4. Pharmacological inhibition of O-GlcNAcase does not affect cell survival during
myogenic differentiation. C2C12 myoblasts were induced to differentiate in the ab-
sence (control) or the presence of 50 nM of thiamet G for 3 days, the quantity of living
cells (A) or dead cells (B) was assessed at the indicated time points. Data represents
mean±standard error (n=3).
3.4. Inhibition of O-GlcNAcase decreases in the appearance of both
myogenin- and MHC-positive cells

Next we analyzed the effect of thiamet G on the expression of
myogenin and MHC by immunostaining. As shown in Fig. 5A, the
appearance of myogenin-positive cells induced to differentiate until
day 5 clearly decreased in the thiamet G-treated cells. In the thiamet
G-treated cells, 23.3±6.9% of cells were myogenin-positive in sharp
contrast with 78.2±6.9% of those in the control cells. Similarly, the
appearance of MHC-positive cells decreased in the thiamet G-
treated cells (control cells vs thiamet G-treated ones: 43.3±5.6% vs
20.4±2.4%; Fig. 5B). The appearance of MHC-positive cells also
decreased in the O-GlcNAcase-knockdown cells (control cells vs O-
GlcNAcase-knockdown cells: 34.4±5.8% vs 17.3±1.3%; Supplemen-
tary Fig. 6). This result indicates that the myogenesis-dependent
decrease in O-GlcNAcylation may be involved in the activation of
the skeletal myogenic program.

3.5. Inactivation of O-GlcNAcase inhibits the expression of both myogenin
and mrf4

Since the appearance of the myogenin-positive cells decreased by
inhibition of O-GlcNAcase, we monitored the effect of thiamet G on
the expression of MRFs in response to myogenic induction by quanti-
tative RT-PCR. C2C12 myoblasts were induced to differentiate in the
absence or presence of thiamet G, and the expression patterns and
levels of MRFs were analyzed until day 5 (Fig. 6). The expression pat-
terns of both myod and myf5 were not affected by thiamet G treat-
ment, although the expression levels of both genes in the thiamet
G-treated cells were slightly lower than those in the control cells at
every time point. In contrast, the expression levels of myogenin
were significantly reduced compared to those in the control cells at
every time point (control versus thiamet G: day 1, 6.85±0.76% versus
4.22±0.61%, p=0.009; day 2, 20.18±1.02% versus 11.42±0.91%,
p=0.0003; day 3, 34.11±3.71% versus 22.29±2.36%, p=0.01; day
4, 73.31±7.97% versus 36.40±4.10%, p=0.002; day 5, 125.87±
14.02% versus 52.84±4.48%, p=0.001). The expression of mrf4 and
muscle-specific genes, such as mhc, troponin t1, troponin t2, and
caveolin 3, was also inhibited by thiamet G treatment (Fig. 6 and Sup-
plementary Fig. 7). These results indicate that the myogenesis-
dependent decrease in O-GlcNAcylation may have a critical role in
the activation of the terminal differentiation program of myoblasts
in the process of myogenin and mrf4 expression.

4. Discussion

The status of O-GlcNAcylation during terminal differentiation of
two cell lines of mesenchymal origin has recently been characterized
[13,18,26]. In mouse MC3T3-E1 preosteoblasts, the levels of O-
GlcNAcylation increase during osteoblastic differentiation [13]. Simi-
larly, the levels of O-GlcNAcylation increase during adipogenesis in
mouse 3T3-L1 preadipocytes [18,26]. In contrast, the present study
demonstrated that the levels of O-GlcNAcylation decrease during
skeletal myogenesis in mouse C2C12 myoblasts, suggesting that the
status of O-GlcNAcylation in terminal differentiation differs among
the respective cell lines, even in those of the same origin. Interesting-
ly, Kim et al. have reported that the levels of O-GlcNAcylation de-
creases during spontaneous cardiac development of mouse ES cells,
and excessive O-GlcNAcylation impairs spontaneous cardiogenesis
in ES cells [16]. A transition of a decrease in O-GlcNAcylation may
have a common role in the differentiation of cells of muscle lineage.

Our data showed that the levels of O-GlcNAcylation begin to fall at
the stage of myogenesis before the formation of myotubes. Inactivation
of O-GlcNAcase causes suppression of MHC expression and myotube
formation, suggesting that a decrease in O-GlcNAcylation is required
for the terminal differentiation of myoblasts. Myoblasts exit from the

image of Fig.�4


Fig. 5. Pharmacological inhibition of O-GlcNAcase decreases in the appearance of both myogenin- and MHC-positive cells. (A and B) Left panels, C2C12 myoblasts were induced to
differentiate in the absence (control) or the presence of 50 nM of thiamet G until day 5, and stained with anti-myogenin antibody or anti-MHC antibody (green) and DAPI (blue).
Bar, 200 μm. Right panel, the index of myogenin- or MHC-positive cells was calculated as the number of nuclei residing in myogenin- or MHC-positive cells divided by the total
number of DAPI-stained nuclei. Data represents mean±standard error (n=5, *pb0.01).

Fig. 6. Pharmacological inhibition of O-GlcNAcase inhibits the activation of the terminal differentiation program of myoblasts. C2C12 myoblasts were induced to differentiate for
5 days in the absence (control) or the presence of 50 nM of thiamet G, and the expression profiles of myod, myf5, mrf4, myogenin, and mhc were analyzed by quantitative RT-
PCR. Data represents mean±standard error (n=3).
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cell cycle prior to commitment to skeletal muscle differentiation [20]. It
has been demonstrated that O-GlcNAc is an important regulator of the
cell cycle [27], especially in mitotic progression and cytokinesis, in
growing cells [2,3]. We observed that the inhibition of O-GlcNAcase in
myoblasts does not affect exit from the cell cycle in response to myo-
genic stimulus. Hence O-GlcNAc appears not to have a critical role in
the exit from the cell cycle in this case, and the decrease in O-
GlcNAcylation is involved inmyogenesis progression at the stage poste-
rior to the exit from the cell cycle.

It has been reported that the induction of myogenic differentiation
and apoptosis may use overlapping cellular mechanisms and activat-
ed caspase 3 is required for skeletal myogenesis [28]. Since O-
GlcNAcase is a known substrate for caspase 3 [29,30], caspase 3 may
cleave O-GlcNAcase for the induction of myogenesis. We did not,
however, observe a clear caspase 3-cleaved fragment of O-
GlcNAcase (data not shown). In addition, our data showed that the
inhibition of O-GlcNAcase does not affect cell survival during myo-
genic differentiation. Therefore, the decrease in O-GlcNAcylation
does not participate in either the regulation of caspase 3-mediated
signal cascade in the promotion of myogenesis, or in cell survival
during myogenesis.

The most striking finding in this study is that inactivation of O-
GlcNAcase inhibits the expression of two MRFs, myogenin and mrf4.
The process of myogenic specification and terminal differentiation
are coordinated by MRFs (Myf5, MyoD, myogenin, and MRF4)
[20–22]. In particular, both myogenin and MRF4 play a critical role
in the terminal differentiation of myoblasts [21]. Consistent with
this, the expression of muscle-specific genes such as mhc, troponin
t1, troponin t2, and caveolin 3 was also inhibited by the inactivation
of O-GlcNAcase. We therefore propose for the first time that the
myogenesis-dependent decrease in O-GlcNAcylation is required for
the activation of the terminal differentiation program of myoblasts
in the process of myogenin and mrf4 expression. It is well-known
that myogenin is one of the target genes of MyoD [21]. The myogenin
promoter is also occupied by different myogenic factors, including
myogenin, at different times of myogenesis [31]. It is likely that
MyoD and myogenin regulate the expression of mrf4 on terminal dif-
ferentiation [32]. The transcriptional activity of MyoD has been
shown to be regulated by a complex mechanism including regulation
of the half-life and the subcellular localization [33]. Interestingly, the
half-life of MyoD is regulated by post-translational modifications such
as phosphorylation [34,35]. The transcriptional activity of MyoD may
be regulated in part by O-GlcNAcylation, and the functional character-
ization of O-GlcNAcylation of MyoD in skeletal myogenesis is an at-
tractive issue to be unveiled. In addition, it will be important to
survey O-GlcNAcylation of the other regulators involved in the
myogenin expression, including myogenin, in deciphering the
complex mechanism of skeletal myogenesis.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbagen.2011.10.011.
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