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Cells exposed to genotoxic stress, such as ionizing radiation and DNA damaging reagents, either 

arrest the cell cycle to repair the genome, or undergo apoptosis, depending on the extent of the DNA dam-
age. DNA damage also has been implicated in various differentiation processes. It has been reported that 
gamma-ray exposure or treatment with DNA-damaging agents could induce myogenic differentiation in 
Drosophila Schneider cells. However, the mechanism underlying this process has been poorly understood. 
In this study, exposure of Schneider cells to X-rays or energetic carbon ion beams caused increase of 
TUNEL-positive cells and conversion of round-shaped cells to elongated cells. Both upregulation of genes 
related to myogenesis and increase of myosin indicate that the radiation-induced morphological changes of 
Schneider cells were accompanied with myogenic differentiation. Because the intracellular ceramide was 
increased in Schneider cells after exposure to X-ray, we examined whether exogenous ceramide could 
mimic radiation-induced myogenic differentiation. Addition of membrane-permeable C2-ceramide to 
Schneider cells increased apoptosis and expression of myogenic genes. These results suggest that ceramide 
plays important roles in both apoptosis and the radiation-induced myogenic differentiation process.

INTRODUCTION

Ceramide is a sphingolipid that acts as a second 
messenger in several cellular responses. In mammalian cells, 
ceramide play as a second messenger in the pathway of 
radiation-induced apoptosis. Ionizing radiation induces acti-
vation of sphingomyelinase and consequently generates 
ceramide, leading cells to apoptosis.1,2) Another role of cer-
amide has been proposed as a mediator for differentiation of 
a wide range of cell types, including myelocytic leukemia 
HL60 cells,3) EL4 thymoma cells,4) cerebellar Purkinje 
cells,5) and U937 monoblastic leukemia cells.6) Nevertheless, 
the mechanisms of ceramide generation and regulation are 

not well established.
Drosophila has been established as an excellent biological 

and genetic model to analyze the pathway of signaling, 
apoptosis, and differentiation. Despite numerous reports 
demonstrated that key regulatory components of apoptosis 
are evolutionarily conserved between Drosophila and mam-
malian cells, only a few reports have discussed about the role 
of ceramide in Drosophila. The inactivation of ceramidase, 
which metabolizes ceramide to sphingosine, has been shown 
to lead to apoptosis in Drosophila photoreceptor cells.7–9)

Disruption of sphingolipid balance triggers elevated levels of 
apoptosis in the mutants that lack functional sphingosine-1-
phosphatelyase or glycosylceramide synthase.10,11) Reaper, 
which is a proapoptotic factor, and the target of p53, is 
reported to induce ceramide generation.12) It has been sug-
gested that ceramide generation is upstream of apoptosis 
because caspase inhibitors do not block upregulation of 
Reaper-induced ceramide.13) These results suggest that cer-
amide also acts as an important component of the apoptotic 
pathway in Drosophila cells, although the molecular mech-
anism for action and generation of ceramide has not been 
well investigated in this organism.

Obeid et al. showed that C2-ceramide (a short-chain, cell-
permeable ceramide analog) induced apoptosis in U937 
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leukemia cells.14) In Drosophila, there is controversy about 
the response of the embryonic cell line Schneider line 2 
(SL2) cells to exogeneous ceramide analogs.12,13)

It is known that cell stress causes differentiation as well 
as cell death. Adaptive myogenesis under hypoxia has been 
observed in mouse myoblast cells.15) Hossain et al. showed 
that gamma ray- and drug-induced DNA damage causes 
myogenic differentiation in Drosophila SL2 cells.16) They 
confirmed myogenesis of SL2 cells with myosin immunos-
taining and the observation of fused multi-nucleated cells. 
The upregulation of myogenic genes also confirmed these 
effects as myogenesis. Ectopic expression of Mef2 or
nautilus, in combination with daughterless, caused myogenic
differentiation in SL2 cells.17) However, the mechanism and 
regulators for expression of these myogenic genes have not 
been well studied. In this paper, we investigated the role of 
ceramide in myogenic differentiation and radiation-induced 
cell death in SL2 cells. In the previous report, DNA damage 
caused by gamma-ray irradiation was considered to be 
involved in myogenic differentiation.16) Therefore, we also 
examined effects of heavy ion beam which cause more fre-
quent and direct DNA damage than gamma-ray and X-ray.

MATERIALS AND METHODS

Cell culture
Drosophila SL2 cells were cultured at 25°C in 

Schneider’s Drosophila medium (Invitrogen) supplemented 
with 10% heat-inactivated FBS. Cells were cultured routine-
ly in 35 to 100 mm tissue culture dishes (Nunc).

X-ray and heavy ion irradiation of Drosophila SL2 
cells

Exponentially proliferating SL2 cells were plated onto 60-
mm tissue culture dishes and incubated overnight. On the 
next day, cells were irradiated at room temperature (25°C) 
with 20, 40, 60, 80 and 160 Gy of X-rays (Hitachi) or heavy 
ions (12C, 18.3 MeV/amu, LET = 108 keV/μm) at the 
TIARA (JAEA Takasaki, Japan) as previously described.18)

TUNEL staining
SL2 cells were cultured in a chamber slide and incubated 

for 24 hr at 25°C. Irradiation- or ceramide-treated cells were 
fixed with 4% formaldehyde/PBS for 60 min at room tem-
perature. Terminal deoxynucleotidyltransferase-mediated 
dUTP nick end labeling (TUNEL) reactions were conducted 
according to the manufacture’s instruction.19)

Treatment of SL2 cells with C2-ceramide
SL2 cells were plated onto 6-well tissue culture plates for 

24 hr. The medium was replaced by SF900II containing 50 
μM C2-ceramide or ethanol (0.1%) and incubated for addi-
tional 24 hr at 25°C. SF900II serum free medium was mixed 
with C2-ceramide and sonicated for 15 sec before being add-

ed to the cells.

Detection of caspase 3/7 activity
The activity of caspase-3/7 was determined using 

Caspase-Glo 3/7 (Promega), which uses a luminogenic 
substrate containing the DEVD tetrapeptide, according to 
manufacturer’s protocol. After cleavage and removal of 
DEVD peptide by caspase 3/7 activity, released aminolu-
ciferin was used as a substrate for luciferase and conse-
quently generated luminescence.

SL2 cells were harvested and resuspended in PBS at the 
concentration of 1 × 105 cells/ml. Fifty microliter of 
Caspase-Glo 3/7 reagent was added to the equal amount of 
the cell suspension (5000 cells/assay) and incubated for 30 
minutes or more at room temperature. The luminescence 
was measured by ARVO HTS (Perkin Elmer).

Analyses of myogenic gene expression
Exponentially proliferating SL2 cells were irradiated or 

treated with ceramide. Total RNA of the cells was isolated 
using the RNA Spin Mini (GE Healthcare), according to the 
manufacturer’s instructions. The reverse transcription-PCR 
(RT-PCR) reaction mixture consisted of 100 ng total RNA, 
5 mM dNTPs, and 0.6 mM of each of the primers, using a 
One Step RT-PCR kit (Qiagen) in a reaction volume of 20 μl.
The real time RT-PCR amplification consisted of 35 cycles 
each, denaturing at 94°C for 15 sec, annealing at 55°C for 
15 sec and extension at 72°C for 30 sec; followed by a final 
extension at 72°C for 10 min. The messenger RNA (mRNA) 
of ribosomal protein L32 (rp49) was used as an internal con-
trol in all the PCR amplification cycles.20)

Immunostaining for myosin heavy chain
SL2 cells were fixed in 4% formaldehyde in PBS solution 

followed by permeabilization with 0.1% Triton X-100. After 
being blocked with 1% BSA/ PBS, cells were incubated with 
a rat anti-myosin heavy chain antibody (MAC147, Abcam) 
at a 1:500 dilution, followed by incubation with an Alexa-
488 conjugated anti-rat IgG (Invitrogen).

Immunostaining for ceramide
Cells were fixed in 4% formaldehyde in PBS solution and 

then incubated with a mouse anti-ceramide antibody (1:1000 
dilution, Alfresa Pharma, Osaka, Japan). An Alexa-488 
conjugated anti-mouse IgM (Invitrogen) was used as the sec-
ondary antibody for detection.

Quantification of ceramide
Ceramide levels were measured by diacylglycerol kinase 

assay using [γ32P] ATP.21) The amount of phosphorylated 
ceramide was quantitated using a Typhoon phosphoimager 
(GE Healthcare).
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Western blotting for myosin heavy chain
Cell lysates of 4 × 105 cells/lane were loaded and separat-

ed with 7.5% polyacrylamide-SDS gel, followed by elec-
trotransfer to a polyvinylidene fluoride membrane (GE 
Healthcare). The membrane was incubated with an anti-
myosin heavy chain antibody (Abcam) at a 1:200,000 dilu-
tion. After washing with TBS containing 0.1% Tween 20 
(Sigma), the membrane was incubated with an anti-rat IgG 
conjugated with HRP. Proteins were visualized with ECL 
Plus chemiluminescence (GE Healthcare).

Results

Cell death and myogenic differentiation in SL2 cells 
induced by irradiation

To analyze the cellular responses to irradiation and its 
underlying molecular mechanisms in Drosophila, we used 
SL2 cells, which are commonly used for various biochemi-
cal analyses. First, we analyzed cell death induced by X-ray 
with TUNEL staining and caspase 3/7 assay. As shown in 
Fig. 1, TUNEL-positive cells were increased in irradiated 
cells by 3.2% (Fig. 1A, C) compared with control non-
irradiated cells at 0.8% (Fig. 1B, D, Table 1) 48 hr after X-
ray irradiation. The course over time of caspase 3/7 activity 
after X-ray irradiation is shown in Fig. 1E. The activity 
increased as time went by and did not decrease until 74 hr, 
the longest measured point. We also examined caspase 3/7 
activity with different doses of X-ray irradiation. Caspase 3/7
activity was increased in a dose-dependent manner, as 
shown in Fig. 1F.

It was also noted that morphological changes were 
induced in a certain fraction of irradiated cells. As shown in 
Fig. 1C, some irradiated cells showed elongated shapes with 
spindle form-like myogenic cells. The percentage of the 
cells with elongated shapes was 19.6% 48 hr after X-ray 
irradiation (Table 1). It was reported that DNA damage 
induced myogenic differentiation in SL2 cells.16) To confirm 
that the morphological changes in this study were accompa-
nied with the myogenic differentiation, we performed 
immunostaining with an anti-myosin heavy chain antibody. 
Exposure to X-rays altered both morphology and the distri-
bution of myosin heavy chain, as shown in Fig. 3A–C, in 
comparison to the unirradiated cells shown in Fig. 3D–F. 
The irradiated cells showed a speckled pattern of myosin 
staining (Fig. 3B, C). We also performed a Western blot 
analysis of myosin heavy chain (Fig. 1G). The relative 
amount of myosin in X-ray irradiated cells increased in a 
dose-dependent manner.

X-rays and gamma rays are categorized as low linear 
energy transfer (LET) irradiation that causes DNA damage 
mainly by indirect effect and consequently induces 
apoptosis22) and differentiation.16) We also used a heavy ion 
beam, which has high LET, and causes double strand breaks 
of DNA; it has never been examined in SL2 cells (Fig. 2). 

Fig. 1. X-ray irradiation-induced TUNEL-positive cells and mor-
phological changes in SL2 cells. A. SL2 cells were exposed to 20 
Gy of X-rays, fixed 48 hr after irradiation, and subjected to TUNEL 
staining. B. Cells without irradiation were also TUNEL stained. C.
and D. High-magnification images of the same samples as shown 
in A and B, respectively. The scale bars represent 10 μm. E. Cas-
pase 3/7 activities of SL2 cells were examined at various time 
points after 40 Gy of X-ray irradiation. The activities are standard-
ized to those of unirradiated cells. Data are presented as mean ± SD 
(n = 3). F. Caspase 3/7 activities of SL2 cells were examined 48 hr 
after different doses of X-ray irradiation. The activities are stan-
dardized to those of unirradiated cells at 72 hr. Data are presented 
as mean ± SD (n = 3). G. Western blot analysis for myosin heavy 
chain was performed with cells 48 hr after irradiation with different 
X-ray dose. Relative intensities of the myosin bands are indicated 
at the bottom of the lanes.
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The number of TUNEL-positive cells increased by more 
than 13-fold (11.0% in the heavy ion-irradiated sample com-
pared with 0.8% in unirradiated control, Table 1). Most of 
TUNEL positive cells in heavy ion-irradiated sample 
showed condensed nuclei and normal cell size. However, as 
shown in Fig. 2A and 2B, about 20% of the TUNEL positive 
cells showed swollen morphology suggesting that heavy ion 
irradiation also caused non-apoptotic cell death. The course 
of caspase 3/7 activity over time after heavy ion irradiation 
is shown in Fig. 2C. The activity increased in a time-
dependent manner until 59 hr, then decreased at 73 hr. The 
caspase 3/7 activity was increased by heavy ion irradiation 
till the dose of 80 Gy, but decreased with 160 Gy (Fig. 2D). 
As shown in Fig. 2A and 2B, a small number of cells showed 
highly elongated morphology similar to myogenic cells. The 
cells with elongated morphology were observed only in 
1.9% of the heavy-ion irradiated cells (Table 1). The fre-
quency of morphological changes did not increase compared 
with unirradiated cells. Western blot analysis for myosin 
heavy chain demonstrated that the relative amount of myosin 
protein was decreased compared with unirradiated cells in 
any doses of heavy ion irradiation (Fig. 2E).

To confirm myogenic conversion of SL2 cells, we 
analyzed the expression of myogenic genes. Wei et al.
showed that the frequency of conversion was increased with 
the co-expression of nautilus and daughterless, or with the 
combination of nautilus, Mef2 and daughterless. Co-
expression of nautilus and Mef2 in SL2 cells gave no muscle 
phenotype.17) Similar synergy has been observed with verte-
brate MyoD and Mef2C in the myogenic conversion of 
mouse 10T½ fibroblasts.23) Blown fuse is under the control 
of these myogenic transcription factors, and is required for 
proper myoblast fusion in Drosophila.24) We analyzed the 
expressions of nautilus, Mef2, daughterless and blown fuse
with real time RT-PCR. The mRNA levels of these myogenic 
genes were increased 1.5- to 2.5-fold by the irradiation (Fig. 
3G).

Ceramide generation induced by irradiation
The involvement of ceramide in apoptosis induced by 

reaper has been reported in SL2 cells.12,13) However, cer-
amide generation induced by irradiation has not been 

Table 1. Frequencies of TUNEL-positive cells and elongated 
cells with irradiation.

Control
X-ray 
(20 Gy)

Heavy ion 
(20 Gy)

TUNEL-positive cells  3/361 (0.8%) 10/314 (3.2%) 34/310 (11.0%)

Elongated cells 11/361 (3.0%) 62/314 (19.6%)  6/310 (1.9%)

TUNEL-positive cells were counted with unirradiated cells (as a control), 
X-ray irradiated cells and heavy-ion irradiated cells treated with the same 
preparations as Fig. 1C, D., and Fig. 2A, B. Cells with the ratio of minor 
to major axis greater than 1:3 were counted as elongated cells.

Fig. 2. Heavy ion irradiation-induced TUNEL-positive cells and 
morphological changes in SL2 cells. A. SL2 cells were exposed to 
20 Gy of heavy ion beam, fixed 40 hr after irradiaption, and sub-
jected to TUNEL staining. B. High magnification images of the 
same sample as shown in A. The scale bars represent 10 μm. C.
Caspase 3/7 activities of SL2 cells were examined at various time 
points after 40 Gy of heavy ion irradiation. The activities are stan-
dardized to those of unirradiated cells. Data are presented as mean 
± SD (n = 3). D. Caspase 3/7 activities of SL2 cells were examined 
73 hr after different doses of heavy ion irradiation. The activities 
are standardized to those of unirradiated cells. Data are presented 
as mean ± SD (n = 3). E. Western blot analysis for myosin heavy 
chain was performed with different doses of heavy ion irradiated 
cells at 48 hr after irradiation. Relative intensities of the myosin 
bands are indicated at the bottom of the lanes.
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confirmed yet. To evaluate the effects of ceramide on cell 
death and myogenic differentiation, we first analyzed cer-
amide levels in irradiated SL2 cells (Fig. 4). Figure 4A 
shows that X-rays induced a 20% increase in ceramide levels 
at 6 hr after irradiation compared with those in control cells, 
while there was no significant difference at 24 hr and 48 hr 
after irradiation compared with control cells. To determine 

whether the increases in ceramide levels occurred in all irra-
diated cells or only in selected cells, and whether ceramide 
generation is localized or uniformly distributed in the cell, 
we performed immunostaining for ceramide. The ceramide 
antibody used in this study has been evaluated as having 
high specificity in vitro.25,26) Figure 4B, C showed immunos-
taining with anti-ceramide antibody in irradiated cells and in 

Fig. 3. X-ray irradiation-induced myosin and myogenic genes expression. A.–C. SL2 cells 48 hr after 20 Gy of X-ray 
irradiation, stained for myosin heavy chain. D.–F. Untreated cells were stained for myosin heavy chain. A and D show 
images with phase contrast microscopy. Band E show fluorescence microscopy. C and F are merged images. Note that 
intense fluorescence signals are observed in a speckled pattern in the irradiated cells in Band C. The scale bars represent 10 
μm. G. Real time RT-PCR analysis of myogenic gene expression in SL2 cells 48 hr after 20 Gy of X-ray irradiation. Rela-
tive quantities of mRNA levels to those of an unirradiated sample are shown. The mRNA of ribosomal protein L32 (rp49) 
was used to normalize RNA input. Data are presented as mean ± SD (n = 3).
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unirradiated control cells. Signals were distributed uniform-
ly in all control cells (Fig. 4C), while some irradiated cells 
had higher signals in a speckled pattern than did surrounding 
cells (Fig. 4B), suggesting that ceramide generation might 
occur in limited number of cells, rather than all, or some 
radiation-sensitive cells. More precise intracellular localiza-
tion was not confirmed in this experimental condition.

Response induced by exogenous ceramide in SL2 cells
To confirm the effects of ceramide, SL2 cells were treated 

with C2-ceramide, a membrane-permeable ceramide with 
shortened fatty acyl chain. TUNEL staining showed that 
apoptotic cells were increased by 4.5-fold in ceramide-

Fig. 4. X-ray irradiation-induced ceramide generation in SL2 
cells. A. Ceramide levels were estimated by diacylglycerol kinase 
assay. The relative amounts of ceramide (black) produced by cells 
irradiated with 20 Gy of X-rays, were standardized with those 
(gray) of unirradiated cells at 6 hr, 24 hr and 48 hr after irradiation, 
respectively. Data are presented mean ± SD (n = 3). The asterisk 
represents statistically significant difference (P < 0.05). B. SL2 
cells were immunostained with an anti-ceramide antibody 6 hr after 
X-ray irradiation of 20 Gy. White arrows indicate a speckled pat-
tern.C. UnirradiatedSL2 cells were immunostained with an anti-
ceramide antibody.

Fig. 5. Ceramide-induced apoptosis and morphological changes 
in SL2 cells. A. SL2 cells were treated with 50 μM of C2-ceramide, 
then fixed 48 h after irradiation, and subjected to TUNEL staining. 
B. TUNEL staining of cells without C2-ceramide. C. and D. High 
magnification images of the same samples as shown in A and B, 
respectively. The scale bars represent 10 μm. E. Course over time 
of relative caspase 3/7 activities in SL2 cells after treatment with 
C2-ceramide, normalized to those of untreated cells. The inset 
shows the longer time course. Data are presented as mean ± SD 
(n = 3). Asterisks represent statistically significant differences (P < 
0.05) compared with untreated cells.

Table 2. The frequencies of TUNEL-positive cells and elon-
gated cells with exogenous C2-ceramide.

Control (EtOH) C2-Ceramide (50 μM)

TUNEL-positive cells  3/447 (0.7%) 10/310 (3.2%)

Elongated cells 12/447 (2.7%) 85/310 (27.4%)

TUNEL-positive cells were counted with ethanol (EtOH)-
treated cells (control) and C2-ceramide-treated cells with the 
same preparation as Fig. 5C, D. Cells with the ratio of minor to 
major axis greater than 1:3 were counted as elongated cells.
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treated cells (Fig. 5A, C and Table 2) compared with control 
(Fig. 5B, D). TUNEL-positive cells were observed in 3.2% 
of cells treated with C2-ceramide, but only in 0.7% of con-
trol cells (Table 2). The course of caspase 3/7 activity over 
time is shown in Fig. 5E. Caspase 3/7 activity increased, and 
reached a peak level about 1–2 hr after treatment with C2-
ceramide. However, the incremental change in caspase 3/7 
activity induced by C2-ceramide was small in comparison 
with that in irradiated cells (Fig. 1E, 2C, 5E).

We also analyzed whether exogenously-added ceramide 
induced myogenic differentiation or not. Morphological 
changes were observed in 27.4% of cells 48 hr after C2-

ceramide treatment, while 2.7% in control cells (Table 2). 
Myosin immunostaining showed that some cells had higher 
signals than surrounding cells (Fig. 6A–F). Real time RT-
PCR showed that the expressions of Mef2, daughterless and 
blown fuse were increased 1.5- to 2-fold in treated cells. 
However, the upregulation of nautilus was marginal in this 
experimental condition (Fig. 6G). Western blotting showed 
that myosin concentration was increased in a dose-
dependent manner up to 50 μM with C2-ceramide treatment, 
while treatment with C2-dihydroceramide, which is a 
compound closely related to C2-ceramide, did not increase 
myosin concentration (Fig. 6H).

Fig. 6. Ceramide-induced myosin and myogenic genes expression. A–C. C2-ceramide-treated SL2 cells stained for myosin heavy chain. 
D–F. Untreated cells stained for myosin heavy chain. A and D images were made with phase contrast microscopy; B and E were made with 
fluorescence microscopy; and C and F are fused images. C2-ceramide-treated SL2 cells in A. and untreated cells in B. were stained with an 
anti-myosin heavy chain antibody. White arrows indicate elongated cells. The scale bars represent 10 μm. G. Induction of myogenic gene 
expression in SL2 cells by C2-ceramide treatment. Relative quantities of mRNA to those of untreated sample were measured with real time 
RT-PCR. The mRNA of ribosomal protein L32 (rp49) was used to normalize RNA input. Data are presented mean ± SD (n = 3). H. Western 
blot analysis for myosin heavy chain was performed with SL2 cells treated with different concentrations of C2-ceramide or C2-dihydrocer-
amide. Relative intensities of the myosin bands are indicated at the bottom of the lanes.
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DISCUSSION

It is known that radiation induces ceramide generation in 
mammalian cells, leading to apoptosis. Several reports have 
suggested that ceramide also mediated apoptotic signals in 
developmental and physiological processes of 
Drosophila.7,9–11,27) We demonstrated that X-ray irradiation 
could induce ceramide generation in the Drosophila SL2 cell 
line. Both the amount of ceramide and the caspase 3/7 activ-
ities reached peak levels during the relatively short period 
after C2-ceramide treatment, whereas X-ray or heavy ion irra-
diation continuously upregulated caspase 3/7 activities. These 
results raise the possibility that ceramide might act as a 
messenger in the early stages of cell death. The amount of 
ceramide was increased 1.2-fold compared with the control at 
6 hr after the X-ray irradiation, but the increase ended at 24 hr.
Immunostaining with the anti-ceramide antibody showed that 
the increase in ceramide was not observed in all cells, but 
only in a subpopulation of the irradiated cells. Signals with a 
speckled pattern might suggest that ceramide generation was 
not uniformly distributed in the cells reflecting the localiza-
tion of ceramide generating enzyme(s). These observations 
suggest that the transient generation of ceramide induced by 
X-ray irradiation might be sufficient to lead to cell death or 
myogenic differentiation only in certain types of cells.

In Drosophila cells, the molecular mechanisms of gener-
ation and action of ceramide have not been well character-
ized. Overexpression of reaper, the target of p53, induced 
ceramide generation, although the effects of treating SL2 
cells with ceramide analog have been controversial. Pronk et 
al. showed that cell death was induced by exogenous C2- or 
C6-ceramide.12) However, Bose et al. reported that exoge-
nous C2-ceramide analogs could not induce apoptosis in SL2 
cells.13) In our study, treatment with C2-ceramide induced 
both cell death and myogenesis in SL2 cells.

In mammalian cells, ceramide have essential roles in vari-
ety of cellular processes including apoptosis. We demon-
strated that C2-ceramide treatment induced not only cell 
death but also morphologic changes in Drosophila cells. 
Analyses of myosin immunostaining and expressions of 
myogenic genes confirmed that this morphological change 
was myogenic differentiation. It was reported that no differ-
entiation was observed when cells were treated with non-
genotoxic inhibitors of cell cycle, indicating that cell cycle 
arrest is not the trigger of the differentiation process.16) They 
proposed that DNA damage induced myogenic differentia-
tion. Ceramide does not induce DNA damage directly, 
except via action of caspase-activated DNase.28) Therefore, 
we suppose that ceramide acts to induce myogenic differen-
tiation as a second messenger, without DNA damage.

In addition to X-ray irradiation, we analyzed cell death 
and morphological changes induced by heavy ion irradia-
tion. Heavy ion beams have high LET, causing frequent 

DNA double-strand breakage, with a high number of relative 
biological effects.22) In this study, cell death was by induced 
heavy ion irradiation more frequently than by X-ray irradi-
ation at the lower dose of irradiation such as 20 Gy. On the 
other hand, morphological changes were prominently 
observed with X-ray irradiation. Cell death induced by low 
doses of X-ray exposure and C2-ceramide treatment may 
correspond to the characteristics of apoptosis including con-
densed nuclei, upregulation of caspase 3/7 activity and stain 
with TUNEL reaction. In the case of heavy ion-irradiated 
samples, it seems that TUNEL-positive cells are composed 
of mixed population as judged by its morphology. As shown 
in Fig. 2A and 2B, about 20% of TUNEL-positive cells 
induced by heavy ion swelled, probably resulting from non-
apoptotic mechanisms.

In the present study, treatments of Drosophila SL2 cells 
with C2-ceramide-induced activation of caspase and upregu-
lation of myogenic genes are shown to lead cells to apopto-
sis and the morphological change. From these results, show-
ing that C2-ceramide treatment mimics the response of 
irradiation, we propose that ceramide is one of the second 
messengers of radiation to induce apoptosis and myogenic 
differentiation. However, there are some differences between 
the effects of ceramide and irradiation. C2-ceramide treat-
ment induces apoptosis less effectively than does irradiation. 
With C2-ceramide treatment, caspase activity is lower, 
TUNEL-positive cells are fewer, and myogenic differentia-
tion is observed more often, than with irradiation. Thus 
ceramide might be related to myogenic differentiation rather 
than to apoptosis. Another discrepancy between radiation 
and ceramide is that the expression of nautilus was induced 
by irradiation but not by C2-ceramide treatment. C2-
ceramide induced upregulation of daughterless and Mef2, 
while upregulation of nautilus was marginal. Wei et al.
showed that co-expressions of daughterless/Mef2 or 
daughterless/nautilus increased frequency of myogenic con-
version of SL2 cells,17) suggesting that upregulation of 
nautilus may not be necessary for myogenic differentiation. 
The difference suggests ceramide is not the only factor for 
myogenic differentiation of SL2 cells. Further investigation 
is needed to identify other factors.

In conclusion, these results suggest that ceramide plays 
important roles in both apoptosis and myogenic differentia-
tion in SL2 cells. Ceramide is a promising key to elucidating 
cellular responses to radiation.
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