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Abstract
Proteosome inhibitors such as bortezomib (BTZ) have been used to treat muscle wasting in animal
models. However, direct effect of BTZ on skeletal muscle cells has not been reported. In the
present study, our data showed that C2C12 cells exhibited a dose - dependent decrease in cell
viability in response to increasing concentrations of BTZ. Consistent with the results of cell
viability, Annexin V/PI analysis showed a significant increase in apoptosis after exposing the cells
to BTZ for 24 h. The detection of cleaved caspase-3 further confirmed apoptosis. The apoptosis
induced by BTZ was associated with reduced expression of p-ERK. Cell cycle analysis revealed
that C2C12 cells underwent G2/M cell cycle arrest when incubated with BTZ for 24 h.
Furthermore, BTZ inhibited formation of multinucleated myotubes. The inhibition of myotube
formation was accompanied by decreased expression of Myogenin. Our data suggest that BTZ
induces cell death and inhibits differentiation of C2C12 cells at clinically relevant doses.
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Introduction
The ubiquitin-proteasome system is activated in skeletal muscle atrophy under catabolic
conditions. Proteasome inhibitors have been developed to prevent muscle atrophy. BTZ is
currently the only commercially available drug targeting the 26S proteasome [1,2,3]. BTZ is
a dipeptide boronic acid proteasome inhibitor that works by blocking the action of the
proteasome [4,5,6]. BTZ was initially approved for treating relapsed multiple myeloma and
mantle cell lymphoma [7,8,9]. Subsequently, BTZ has also been used to treat a variety of
non-cancer conditions in preclinical studies. Agten et al showed that BTZ partially protected
the diaphragm from mechanical ventilation-induced diaphragm contractile dysfunction [10].
BTZ prolongs survival during lethal hemorrhagic shock in rats [11]. Rayavarapu et al
showed that BTZ significantly improved muscle function and reduced tumor necrosis factor
α expression in the skeletal muscle of mice with myositis [12]. Furthermore, the potential
use of BTZ in treating cancer cachexia has also been attempted [13].

BTZ is less toxic compared to other proteasome inhibitors and its therapeutic potential in
treated muscle wasting conditions has been explored. Recent studies showed that BTZ
reduced muscle loss in various animal models [14,15,16]. However, clinical reports showed
that BTZ induced severe congestive cardiac failure in patients who had no prior cardiac
history [17,18]. The authors proposed that BTZ may impair cardiac function due to
inhibition of proteasome activity which is important for cellular homeostasis. These
concerns were addressed by Nowis et al [19] in animal experiments. Rats treated with BTZ
led to a significant drop in left ventricle ejection fraction. At the cellular level, BTZ
treatment resulted in abnormalities in mitochondria and decreased cardiomyocyte
contractility. The direct effect of BTZ on skeletal muscle cells has not been studied. The
present study was aimed to investigate BTZ’s effects on the growth and differentiation of a
mouse myoblast line C2C12 and explored the signaling pathways involved.

Materials and methods
C2C12 cell culture

The mouse myoblast cell line C2C12 (Typical Culture Preservation Commission Cell Bank,
Shanghai) was cultured in DMEM (Bioop, JiangSu) containing 10% fetal calf serum (FCS)
(Hyclone) and 100 U/ml penicillin and 100 µg/ml streptomycin in 5% CO2 at 37°C. To
induce differentiation, DMEM with 2% horse serum (Gibco) was added to C2C12 cells
when the density of cells reached 70%–80%.

MTT assay
Cell viability was determined by MTT assay. Briefly, C2C12 cells were planted into a 96-
well plate and cultured overnight before BTZ was added. The cells were incubated for
another 24 h after adding BTZ. After the incubation, 20 µl of MTT reagent (Sigma) was
added to each well and incubated for 4 h. After removing the medium, 150 ul DMSO was
added and absorbance was detected at 490 nm by a micro-plate reader (Spectra Max M5).

Cell cycle analysis
C2C12 cells were incubated with 10 nM of BTZ for 24 h. The cells were washed once with
PBS, and fixed with 70% ethanol and stained with propidium iodide (Sigma, USA). DNA
contents were measured by flow cytometry (FACS Calibur, Becton Dickinson, USA) and
cell cycle was analyzed using Flowjo software.
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Detection of apoptosis
After treating C2C12 cells with BTZ, the cells were washed once with PBS, and stained
with Annexin V and propidium iodide (PI) and analyzed by flow cytometry. Cells that are
positive for Annexin V but negative for PI are considered undergoing apoptosis.

Immunoblotting
Proteins were extracted from C2C12 cells and separated by SDS- polyacrylamide gel
electrophoresis and blotted to PVDF membranes which were subsequently incubated with
antibodies. The following primary antibodies were from Cell Signaling Technology:
GAPDH (1:2000), cdc2 (1:2000), ERK (1:2000), p-ERK (1:1000), cleaved caspase-3
(1:1000). Myogenin antibody was from Abcam (1:1000). Secondary antibodies were anti-
rabbit IgG (1:5000, Cell Signaling) and anti-mouse IgG (1:5000, Sigma). The band density
was analyzed by ImageJ.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde and incubated with blocking buffer containing
1% BSA and 0.1% Triton X-100. After blocking, cells were incubated overnight in the
primary antibody (cleaved caspase-3, 1:500). After washing, cells were incubated in goat
anti-rabbit IgG-Alexa Fluor R 568 (Molecular Probes, diluted 1:800). Cells were then rinsed
and counterstained with DAPI. Images were taken by confocal microscope (FV1000MPE,
Olympus).

Statistical analysis
Data are presented as means ± SD. Student t test was used to determine the significance of
the differences between variables. P < 0.05 was considered statistically significant.

Results
BTZ inhibits C2C12 differentiation

C2C12 cells grow as single cells when cultured in DMEM containing 10% FCS (Fig. 1A).
However, when cultured in DMEM containing 2% horse serum, the C2C12 cells fused and
formed myotubes which becomes evident at day 4 and 5 (Fig. 1A). In the next step, we
tested the effect of BTZ on C2C12 differentiation. The cells were incubated with
differentiation medium for 36 h before BTZ was added and the incubation continued for
another 72 h. The data showed that C2C12 differentiation was inhibited by BTZ in a dose
dependent manner (Fig. 1B). At 5 nM, BTZ partially inhibited myotube formation. At higher
concentration (10 nM), BTZ completely inhibited C2C12 myotube formation. Myogenin is a
muscle specific transcription factor that is required for the fusion of myoblasts to form
myotubes. The protein levels of myogenin were examined by immunoblotting. As shown in
Fig. 1C, myogenin was not expressed in C2C12 cells cultured in 10% FCS, but was detected
when cultured in 2% horse serum. However, when 10 nM BTZ was added to the
differentiation medium, the expression of myogenin was completely abolished (Fig. 1C).

BTZ reduces C2C12 cell viability
It has been shown previously that BTZ induces growth inhibition in tumor cells [20]. It is
important to know whether BTZ’s growth inhibitory effect was unique to tumor cells or to
muscle cells as well before BTZ could be used to treat patients with muscle wasting. As
shown in Fig. 1D, BTZ caused a dose dependent growth inhibition of C2C12 cells. The
inhibition rate of BTZ was 16.9% at 1 nM and went up to 81.8% at 40 nM.
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BTZ induced G2/M phase cell cycle arrest
Growth inhibition usually results from cell cycle arrest. We examined the effects of BTZ on
cell cycle progression in C2C12 cells by flow cytometry. As shown in Fig. 2A, treatment of
C2C12 cells with BTZ at 10 nM for 24 h led to a decrease of the percentage of cells in G1
phase and an increase in S and G2/M phase (Fig.2B). Compared to the control, the
percentage of cells in G1 phase decreased 41.65%, whereas the percentage of cells in S and
G2 /M phases increased 11.00% and 27.01%, respectively. The data indicate that a
significant number of cells were arrested at G2/M phase. We next examined the protein
levels of cdc2 which controls the G2/M transition. Our data revealed a decrease of cdc2
expression in response to BTZ treatment (Fig. 2C), suggesting that BTZ induced cell cycle
arrest at G2/M phase may be mediated by inhibition of cdc2 expression.

BTZ induced apoptosis in C2C12 cells
Annexin V/ PI staining assay showed that BTZ induced apoptosis of C2C12 cells (Fig. 3A).
The percentage of cells undergoing apoptosis in response to BTZ treatment was 9.8%,
whereas the control was only1.8% (Fig. 3B). BTZ induced apoptosis was confirmed by
caspase-3 cleavage (Fig. 3C,D). It has been shown previously that ERK signaling was
involved in the anti-apoptotic action of 17β-Estradiol in C2C12 cells [21]. This has led us to
assess the effect of MAPK inhibitors U0126 and PD98059 on BTZ induced apoptosis. Our
data showed that both inhibitors induced further apoptosis when combined with BTZ (Fig.
3B). Consistent with these findings, immunoblotting results showed that expression of p-
ERK was reduced by BTZ (Fig. 4).

Discussion
Recently, proteasome inhibitors have been used to treat muscle wasting conditions in
various animal models with some success. Using a hamster emphysema model, van Hees et
al showed that BTZ treatment significantly increased diaphragm-specific force-generating
capacity and completely restored myosin concentration 9-months after induction of
emphysema [15]. In another study, BTZ prevented muscle loss induced by a 40% total body
surface area full-thickness scald burn [16]. Beehler et al studied the effect of the BTZ in a
rat denervation model. After 7 days of treatment, BTZ significantly reduced denervation-
induced atrophy in the soleus but not in the EDL muscle [14]. However, Krawiec et al
showed that BTZ only partially prevented the weight loss of gastrocnemius muscle
associated with 3 days of immobilization [22]. Similarly, Supinski et al showed that BTZ
treatment prevented endotoxin-induced muscle loss in the diaphragm but did not prevent
endotoxin induced reductions in diaphragm-specific force.

The reduction of specific force was associated with elevated caspase-3 activity, which was
not inhibited by BTZ [23]. The authors have shown previously that a specific caspase-3
inhibitor (DEVD-CHO) prevented endotoxin induced reduction of muscle force [24,25]. A
recent study showed that caspase-3 activation is also involved in immobilization induced
muscle atrophy [26].

Our data revealed that caspase-3 is activated in C2C12 cells in response to BTZ treatment.
Caspase-3 activation led to apoptosis, as shown by our Annex V assay. Whether BTZ could
induce apoptosis in myofibers remains unknown. It has been shown that proteasome
inhibitors induce apoptosis in proliferating rather than quiescent cells [19,27]. Because
skeletal muscle fibers are not proliferating cells, it is possible that BTZ may not have any
major cytotoxic effect in vivo when used to treat muscle wasting conditions as reported by
others. However, caspase-3 activation may lead to the cleavage of muscle fibers, which
could trigger the cascade of muscle breakdown and result in reduced muscle force.
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Furthermore, BTZ may cause apoptosis in muscle progenitor/stem cells which will
proliferate in response to injury.

In summary, although our data suggest that BTZ can induce apoptosis in C2C12 cells. These
data alone do not preclude the potential use for treatment of muscle wasting. Nonetheless,
caspase-3 activation may cause muscle weakness even though it may not induce apoptosis in
muscle fibers. Caution should be taken when using BTZ in the clinic and to select the lowest
dose possible to avoid potential side effect. More preclinical studies using different models
of wasting are certainly warranted.
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Highlights

• Bortezomib (BTZ) inhibits myogenin expression and myotube formation.

• BTZ causes cell cycle arrest in C2C12 cells.

• BTZ reduces C2C12 cell viability.

• BTZ induced apoptosis in C2C12 cells.

• The apoptosis induced by BTZ was associated with reduced expression of p-
ERK.
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Fig. 1.
The effect of BTZ on the differentiation and viability of C2C12 cells. (A). C2C12 cells
begin to form myotubes after adding the differentiation medium. The number, as well as the
width and length of myotubes gradually increased over time. (B). C2C12 cells were cultured
for 36 h in differentiation medium before BTZ was added and the cells were cultured for
another 72 h in the presence of BTZ. (C). C2C12 cells were treated with BTZ at 10 nM for
24 h after being cultured in differentiation medium for several days. The protein levels of
myogenin were assessed by immunoblotting. The bands were quantified by ImageJ and
normalized to GAPDH. The graph represents the quantification from 3 independent blots.
H: horse serum, D: day, B•10: bortezomib 10 nM. (D). MTT assay of C2C12 cells. C2C12
cells were planted into a 96-well plate and incubated overnight, followed by addition of
various concentrations of BTZ and incubated for 24 h. MTT assay was performed as
described in materials & methods. *P<0.05, **P<0.001.
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Fig. 2.
Cell cycle analysis. (A). C2C12 cells were stained with PI and then analyzed by flow
cytometry as described in the materials and methods. C2C12 cells were exposed to 10 nM
BTZ for 24 h. (B). Bar graph showing the percentage of cell cycle at G1, S, and G2/M
phases. (C). The protein levels of cdc2 in C2C12 cells treated by BTZ (10 nM, 24h) were
examined by immunoblotting. The bands were quantified by ImageJ and the expression
levels of cdc2 were normalized to beta-actin. *P<0.05, **P<0.01.
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Fig. 3.
BTZ induces apoptosis in C2C12 cells. (A). Flow cytometry chart of C2C12 cells stained
with Annexin V and propidium iodide (PI). C2C12 cells were either treated with BTZ alone
or in combination with MAPK pathway inhibitors U1026 or PD98059 (PD) for 24 h. (B).
Bar graph showing the percentage of cells undergoing apoptosis. (C). The level of cleaved
caspase-3 was assessed by immunoblotting. The bands were quantified by ImageJ and
normalized to GAPDH. The graph represents the quantification from 3 independent blots.
(D). Immunofluorescence staining of cleaved caspase-3 in C2C12 cells after exposing to
BTZ for 24 h.
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Fig. 4.
The expression of ERK in C2C12 cells. The expression of both phospho- and total ERK was
assessed by immunoblotting. The bands were quantified by ImageJ and normalized to
GAPDH. *P<0.01.
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