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Abstract
Background: To determine whether ceramide is responsible for the induction of p53-independent early or late
apoptosis in response to high- and low-Linear-Energy-Transfer (LET) irradiation.

Methods: Four cell lines displaying different radiosensitivities and p53-protein status were irradiated with photons
or 334 or 184 keV/um carbon ions. The kinetics of ceramide production was quantified by fluorescent microscopy
or High-Performance-Liquid-Chromatogaphy and the sequence of events leading to apoptosis by flow cytometry.

Results: Regardless of the p53-status, both low and high-LET irradiation induced an early ceramide production in

irradiation.

p53-independent-apoptosis

radiosensitive cells and late in the radioresistant. This production strongly correlated with the level of early
apoptosis in radiosensitive cells and delayed apoptosis in the radioresistant ones, regardless of radiation quality,
tumor type, radiosensitivity, or p53-status. Inhibition of caspase activity or ceramide production showed that, for
both types of radiation, ceramide is essential for the initiation of early apoptosis in radiosensitive cells and late
apoptosis following mitotic catastrophe in radioresistant cells.

Conclusions: Ceramide is a determining factor in the onset of early and late apoptosis after low and high-LET
irradiation and is the mediator of the p53-independent-apoptotic pathway. We propose that ceramide is the
molecular bridge between mitotic catastrophe and the commitment phase of delayed apoptosis in response to
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Background

To date a large majority of radiobiological studies have
claimed that the primary and major relevant target of
irradiation is the nucleus and particularly the DNA. How-
ever selective irradiation of the cytoplasm [1] induces cell
radiosensitivity, proving that an onset of cell signaling
originates from other organelles than the nucleus. More-
over, ionizing-radiation can act directly on free-nucleus
membrane preparations, generating ceramide. These data
suggest that the membrane represents an alternative target
to DNA in radiation-induced-cell-response [2]. Although
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ionizing-radiation and ceramide can separately promote
death, cell cycle arrest or differentiation, ceramide-induced
signaling after irradiation has been mostly linked to apop-
tosis. Moreover a lack of ceramide production has been
reported to be correlated with radioresistance [3,4]. Indeed,
radioresistance of Head-and-Neck-Squamous-Carcinoma-
Cell (HNSCC) cells was associated with a lack of acid-
Sphingomyelinase translocation and activation to the
plasma membrane thus a lack of ceramide generation lead-
ing to the absence of formation of signaling platforms [5]
and then the absence of apoptotic signaling. Ceramide, as
p53, is then emerging as a fundamental mediator of apop-
tosis. However relationships existing between these two
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molecules are still controversial and need to be clarified.
Several reports suggest that ceramide accumulation is an
important downstream mediator of the p53 response
whereas others have shown that p53 and ceramide are
concomitantly up-regulated in response to various cell-
stressors and that ceramide can accumulate and signal for
apoptosis, irrespective of p53 status [6]. Moreover the rela-
tionship between ceramide and the different types of apop-
tosis needs to be defined. Apoptosis can occur before the
first mitosis (early apoptosis) or as the last step of mitotic
catastrophe [7] (late apoptosis). Although the involvement
of ceramide in the response to photon exposure is well
characterized in early apoptosis, its involvement in late
apoptosis, or last step of mitotic catastrophe as well as its
role in the triggering of cell death after exposure to differ-
ent radiation qualities such as carbon ion irradiation needs
to be strongly clarified.

Hadrontherapy or carbon ion therapy is a new
emerging and promising therapy which can offer several
advantages over conventional radiotherapy because of
the physical and biological properties of the particles.
Taking advantage of these clinically relevant properties,
a high number of patients with glioblastoma or HNSCC
tumor have been treated with carbon ions, and the
results were found to be very promising [8]. To date the
exact mechanisms leading to apoptotic cell death in
response to high-LET-radiation are only partially known.
High-LET-radiation is more effective than low-LET-
radiation in inducing apoptosis in cancer cells from
different origins and displaying different p53-status
[9-11]. Nevertheless the exact mechanism or pathways
involved after high-LET exposure have never been
described up to now. The few available data only suggest
that high-LET irradiation can induce apoptosis through
a p53-independent pathway involving the activation of
caspase-9, which subsequently leads to the cleavage of
caspase-3 [12,13]. Only in one study, a-particles were
used to show an induction of apoptosis through the
sphingomyelin pathway [14].

In a previous study [4] we demonstrated that, in
response to photon irradiation, ceramide induces early-
apoptosis through caspase activation, independently of
p53, in radiosensitive cells. By contrast when ceramide is
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not generated, the whole pathway is ineffective inducing
a resistance to apoptosis. Moreover, we reported, in the
same radiosensitive cells, that carbon irradiation induces
early apoptosis. By contrast, the radioresistant cells
underwent mitotic catastrophe followed by late apoptosis
5 days after irradiation [11]. Given these incomplete
results and regarding the role of the ceramide apoptotic
pathway, the aim of this study was to determine the
pivotal role of ceramide in early and late apoptosis after
exposure of cells with different radiosensitivities, p53-
status and tumor of origin to different types of irradiation.

Methods

Cell culture

Two radiosensitive cell lines, SCC61 [11] and SF767 [15],
and two radioresistant cell lines, SQ20B [11] and U87MG
[15], were used (Table 1). HNSCC SCC61 and SQ20B
cells, were grown as previously described [11]. Glioblast-
oma U87MG and SF767 cells were grown in DMEM, 10%
Fetal-Calf-Serum, 100U/ml penicillin, 100 mg/ml strepto-
mycin, 1 mM sodium pyruvate, and 0.1 mM nonessential
amino-acids.

Irradiation procedure and pharmacological treatment
Sixteen hours before irradiation, cells were seeded on
25 cm? flasks or 6-well plates at a concentration varying
between 3.10* to 2.10° depending on the kinetics and on
the dose of irradiation as previously described [11].

Irradiation using 6MV photons, 75 MeV/u carbon ions
(LET:33.4 keV/pum), and 11.4 MeV/u carbon ions
(LET:184 keV/um) was performed at Lyon-Sud Hospital,
Grand-Accélérateur-National-d’Ton-Lourds (France) and
Helmholtzzentrum-fiir-Schwerionenforschung (Germany)
as described previously [11].

The total caspase inhibitor Z-VAD-fmk (50 uM) was
added to the medium 2 h before and 48 and 120 h after
irradiation. Ceramide production was inhibited either by
1 mM chloroalanine, 10 pM Fumonisin B1, 50 pM
imipramine or by 20 pM desipramine, which was added
to cells 30 min before irradiation and 48 and 120 h
following irradiation.

Table 1 Radiobiological parameters and p53 status for SCC61, SQ20B, SF767 and U87MG cell lines

Tumor P53 SF2 D10
types status
Photon Carbon 33.4 keV/um Carbon 184 keV/um Photon Carbon 33.4 keV/um Carbon 184 keV/pum
SCC61 HNSCC —/- 0.36 0.14 0.036 3.05 2.3 135
SQ20B  HNSCC —/- 0.72 0.21 013 6.2 3 2.1
SF767 Glioma +/+ 045 0.16 0.083 4.7 24 1.85
U87MG  Glioma +/+ 0.81 0.24 015 6.5 32 2.1
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Flow cytometry analysis

The percentage of cells in each phase of the cell cycle
was quantified after propidium iodide labeling as previ-
ously described [11].

The terminal-transferase-dUTP-nick-end-labeling (TUNEL)
reaction was carried out by labeling cells with the in
situ Cell-Death-Detection-Kit (Promega, France) according
to the manufacturer’s instructions.

For the measurement of transmembrane mitochondrial po-
tential, the cells were trypsinized and incubated with 5 pg/ml
JC-1 (556,6-tetrachloro-1,1,3,3tetraethylbenzimidazolylarbo-
cyanine-iodide) for 20 min at 37°C. The cells were rinsed,
resuspended in PBS, and assessed for red and green fluores-
cence using flow cytometry. A minimum of 10,000 cells were
analyzed.

Caspase activation was quantified using the CaspACE"™
FITC-VAD-FMK In Situ Marker kit (Promega, France)
according to the manufacturer’s instructions.

Ceramide quantification

Early ceramide quantification was realized using fluores-
cent microscopy as described in [16]. Images were cap-
tured by a Zeiss Axio Imager Z2 using Metafer software.
Fluoresence intensity, reported to the cell size, was quanti-
fied using Metafer software (Metasystems, Germany). A
minimum of 600 cells were scored on 2 independent
slides and the mean was calculated. Late ceramide pro-
duction was quantified by HPLC with fluorimetric detec-
tion, as described previously [4].

Statistical analysis
Student’s ¢ test was used to compare values between
groups.

Results
Involvement of ceramide production in the response to
low- and high-LET radiation
The kinetics of intracellular ceramide production was
assessed after exposure of the four HNSCC or glioblast-
oma cells, displaying different radiosensitivity and p53-
status [11,15] (Table 1), to 10Gy irradiation with photons
(low LET) or with 2 high LET carbon ions (33.4 or
184 keV/um). The same physical dose of 10Gy and non-
biological-equivalent-dose was used since we sought to
investigate potentially different mechanisms which may
become clearer and should better emphasize the differ-
ences between the two types of beams applied.
According to the kinetics, two different methods for
the ceramide quantification were used. For the early
ceramide production (less than 1 hour) an immunofluor-
escent staining of permeabilized cells using a ceramide-
specific antibody was used [16] whereas HPLC detection
was applied for the late ceramide production. Results
obtained for the early ceramide quantification are shown
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in Figure 1A. Two different pattern of response were ob-
served. For both radiosensitive cell lines (SCC61 p53
mutated and SF767 p53 wild type), a significant cer-
amide production occurred with a very early peak at
15 min after both high and low LET irradiation. As an
example, for SCC61 the mean intensity of fluorescence
goes from 100 to 160 after photon irradiation. This
ceramide release is more pronounced after carbon ion
irradiation (mean intensity = 200) and is prolonged until
1 hour post irradiation. At the opposite, no ceramide
increase was observed for the radioresistant U87MG and
SQ20B cell lines whatever the type of irradiation used.
Concerning the late ceramide production, in the radio-
sensitive SCC61 p53-mutated cells, irradiation induced a
time-and LET-dependent increase in ceramide level com-
pared with non-irradiated cells (Figure 1B). Ceramide con-
centration increased from 24 h up to 240 h. At 240 h the
amount of ceramide obtained was 5.1, 8.3, and 9.8 pmol/
nmolP following photon, 33.4 keV/pm or 184 keV/pm
carbon irradiation, respectively. The same pattern of
response was observed in the p53-wild-type radiosensitive
SF767 cells. Irradiation with 33.4 keV/pm carbon ions
increased ceramide concentration that started at 24 h and
reached 4.7 pmol/nmolP at 240 h, whereas the value was
5.6 pmol/nmol P after 184 keV/um. In contrast to this,
ceramide concentration in the p53-mutated SQ20B resist-
ant cells began to increase significantly only 120 h after
irradiation. At 240 h, ceramide amount was 2.9, 3.2, and
3.9 pmol/nmol P following photon, 33.4 keV/pm or
184 keV/pm carbon irradiation, respectively. In the p53-
wild-type radioresistant U87MG cell line, the kinetics and
ceramide concentration were similar to those measured in
SQ20B cells.

Activation of apoptosis through mitochondrial
dysfunction and caspase activation by low-and high-LET
radiation

In order to determine if low-and high-LET-radiation can
induce apoptosis, four different techniques were used to
monitor apoptosis: the quantification of sub-G1 and
TUNEL positive cells, the mitochondrial dysfunction
and the activation of caspases. Early apoptosis was quan-
tified in radiosensitive cells, starting from 24 h after
irradiation and increasing significantly with both time
and LET (Figure 2A). In SCC61 cells, the percentages of
sub-G1 were 50.3 £ 7.2% at 72 h after photon irradiation
and, 60.1 + 1.3% after 33.4 keV/um and 78.4 + 8.7% after
184 keV/um carbon irradiation. In SF767 cells, apoptosis
increased slightly later and was 20.4+14% and 334+
1.9% at 72 h following 33.4 and 184 keV/pm carbon irradi-
ation respectively. In SQ20B and U87MG radioresistant
cells, no significant induction of apoptosis was observed
during the first 72 h following low-or high-LET irradi-
ation. Late apoptosis was only significant from 120 h and
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Figure 1 Time course of ceramide production in SCC61, SF767, SQ20B, and U87MG cell lines after a 10Gy irradiation with photons or
33.4 or 184 keV/pum carbon ions. Early ceramide production (A) was quantified by fluorencence microscopy and late ceramide (B) by HPLC.
Values represent the mean + SD of two or three independent experiments performed in triplicate. *p < 0.05, **p < 0.01, and ***p < 0.001

reached levels ranging between 30% and 50%, depending
on radiation quality. Regardless of the type of radiation,
apoptotic levels were always lower in radioresistant com-
pared with radiosensitive cells. In order to confirm these
results, TUNEL analyses were realized with the four cell
lines, from 24 to 240 h after photons or 33.4 keV/pm car-
bon irradiation (Figure 2B). As expected, this experiment

confirmed the results obtained after the analysis of the
sub-G1 peak. For both SCC61 and SF767 cells, an early
apoptosis was observed whereas a late apoptosis appears
for SQ20B and U87 cell lines.

In order to ascertain the potential involvement of the
intrinsic apoptotic pathway, a kinetic study of the mito-
chondrial transmembrane potential (AYm) and caspase
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activation were both analyzed by flow cytometry. As
depicted in Figure 3A, exposure of SCC61 cells to radi-
ation induced an early LET-and time-dependent
decrease in A¥Ym. At 24 h, the percentage of cells
displaying a high AYm were 83.9 +4.8% after photon
exposure and 63.3+14% after 184 keV/um carbon
exposure, whereas AWm decreased to about 15% at
240 h. In SQ20B and U87MG cells, the decrease in

A¥Ym began from 120 h and felt to about 50% of the
initial value at 240 h. As depicted in Figure 3B a time-
and LET-dependent activation of total caspases was
observed which started 24 h after irradiation in SCC61 cells
whatever the type of radiation applied. In radioresistant
cells, the activation of caspases was much more limited,
delayed in time since it began to significantly increase only
120 h after irradiation.
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In order to confirm that late apoptosis was activated
in radioresistant cells as the last step of mitotic catastro-
phe, the percentage of cells arrested in the G2/M phase
and the percentage of polyploid cells were quantified by
flow cytometry.

Figure 4 clearly shows that in response to carbon or
photon exposure, both radioresistant cells undergo a
G2/M phase arrest starting from 24 h up to 120 h
(Upper panel). Moreover a marked increase of polyploid
cells, a characteristic event of mitotic catastrophe, was
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Figure 4 Mitotic catastrophe induction in U87MG and SQ20B cells. Upper panel: Percentage of U87MG and SQ20B cells in G2/M phase as a
function of time after irradiation Lower panel: Kinetics of the occurrence of polyploid SQ20B cells after irradiation with X-rays or carbon beams.
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demonstrated after both types of irradiation (Lower
panel). These results strongly suggest that delayed apop-
tosis is effectively the last event of mitotic catastrophe.

Functional relationship between ceramide production and
induction of apoptosis

In order to link ceramide production to the induction of
apoptosis, according to the different properties of cells
and radiation qualities, a correlation calculation between
ceramide concentration and percentages of cells in the
sub-G1 phase was made. As shown in Figure 5, highly
significant correlations (p <0.001 for all correlations)
were obtained regardless of the way of expressing the
results. As an example if the results are expressed as a
function of p53-status, R* = 0.86 for p53*'* cell lines and
R?=0.85 for p53~'~ cell lines were obtained, respectively.
The correlation between ceramide and apoptosis were
also significant: R* = 0.86 for early and R*=0.78 for late
apoptosis.

These results confirm firstly that ceramide production
does not depend on p53-status and secondly that
ceramide production is strongly related to apoptosis.

To further determine whether ceramide is released up-
stream of the commitment phase of apoptosis or if its
release is a consequence of membranous alterations in
the final apoptosis phase, all cell lines were incubated
with Z-VAD-fmk, a total caspases inhibitor. Inhibition of
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caspases markedly decreased for both early and late
apoptosis in all cell lines, regardless of the type of beam
applied (Table 2). For example, in radiosensitive SCC61
cells, the ratio of apoptotic cells between treated and
control cells felt from 6.9 to 1.7 after carbon ions expos-
ure. Moreover the ceramide concentration was similar
in the four cell lines after caspases inhibition whatever
the types of radiation. These data indicate that caspases
inhibition does not influence ceramide production under
our experiment conditions.

We next inhibited the two main intracellular pathways
leading to ceramide generation in order to determine its
impact on the triggering of early (SCC61 cells) and late
(SQ20B cells) apoptosis (Figure 6). Chloroalanine, an
inhibitor of serine-palmitoyltransferase, and Fumonisin
B1, an inhibitor of ceramide synthase were used to
inhibit the de novo synthesis whereas two inhibitors of
acid sphingomyelinase (imipramine and desipramine)
were used to inhibit the production of membranous cer-
amide. As depicted in Figure 6A, pretreatment of SCC61
cells with each drug markedly inhibited ceramide pro-
duction following high- or low-LET radiation. Conse-
quently, early apoptosis did not occur. For example, 48 h
after carbon irradiation, the percentage of apoptotic cells
decreased by about 6.2 or 7.8 times after treatment with
chloroalanine or imipramine, respectively. In SQ20B
cells (Figure 6B), the same treatment inhibited late
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Table 2 Ratio 10Gy/0Gy, 10Gy + Z-VAD/0Gy + Z-VAD of the percentage of cells in the sub-G1 phase or ceramide

production 240 h after photon or carbon ion irradiation

X-rays Carbon
Cell lines Ratio Sub-G1 Ceramide Sub-G1 Ceramide
SCCo1 10Gy/0Gy 6.1 26 6.9 34
10Gy + Z-VAD/0Gy + Z-VAD 1.8 24 17 32
SQ208 10Gy/0Gy 5 16 63 29
10Gy + Z-VAD/0Gy + Z-VAD 19 22 16 26
SF767 10Gy/0Gy 39 2.1 6.8 34
10Gy + Z-VAD/0Gy + Z-VAD 14 2.7 15 33
U87MG 10Gy/0Gy 28 19 2.1 23
10Gy + Z-VAD/0Gy + Z-VAD 15 1.7 1.1 2.1

ceramide production and apoptosis following both types
of radiation. When treated, the percentage of SQ20B
apoptotic cells (% of control) decreased by approxi-
mately 9 times 240 h following carbon ion irradiation
compared with untreated cells.

These results demonstrate for the first time that
ceramide is responsible for the initiation of early and late
apoptosis in response to high-LET irradiation and thus
acts as an upstream caspase activator regardless of the
p53-status of the cells.

Discussion

Clinical studies performed on HNSCC or glioblastoma
have provided evidence that carbon hadrontherapy is
more effective than conventional radiotherapy. However,
even if the local control and the survival rates for parti-
cles therapy are higher, compared to conventional radio-
therapy relapse could always occur. The mechanisms
leading to radioresistance are still largely unknown and
the need to understand the exact mechanisms involved
in the cell death response of different tumor types is
essential to improve the treatment.

To date, the p53-mediated apoptosis is the most often
occuring pathway responsible for low-LET radiation-
induced apoptosis [17], but accumulating data over the
past decade have shown that ceramide is the mediator of
an alternative apoptotic pathway [4,18]. Ceramide can
mediate early apoptosis following low-LET irradiation in
different radiosensitive tumor cells [19,20] and is
involved in the triggering of apoptosis upstream from
mitochondrial dysfunction and caspase activation [4,19].
Intracellular ceramide production is a complex mechanism
and may result from either de novo synthesis or sphingo-
myelin hydrolysis by acidic or neutral sphingomyelinases
[19,21]. We previously reported that low-LET-induced cer-
amide production is a complex multiwave event involving
both sphingomyelinases and de novo synthesis [21]. The
new results presented here show in radiosensitive cells the
involvement of ceramide in high-LET-induced early

apoptosis independently of p53-status. We clearly demon-
strated that the production of ceramide occurs within mi-
nutes following irradiation. These conclusions are in
accordance with previous results published by our group
[5] which demonstrated that photon irradiation of the ra-
diosensitive SCC61 cell line results in the triggering of raft
coalescence to larger membrane platforms associated with
ceramide release. At the opposite in the radioresistant
SQ20B cells the lack of early ceramide production result in
resistance to early apoptosis following ionizing radiation.
Moreover, at the same physical dose, the levels of ceramide
production increased proportionally with LET (Figure 1).
We thus propose that ceramide would be the mediator of
the p53-independent early apoptotic pathway described by
Mori et al. [13] in response to high-LET radiation. By ei-
ther inhibiting caspase or ceramide production, we also
found that the effect of ceramide occurs upstream of mito-
chondrial collapse and caspase activation in response to
carbon ion irradiation, confirming its major role in the trig-
gering of apoptosis. Our data indirectly confirm that cer-
amide is produced in several waves: an initial wave
involving membranous sphingomyelin hydrolysis and a
later de novo synthesis that generates the major pool re-
sponsible for apoptosis [21].

Mitotic catastrophe has been described extensively as
a cell death mechanism during apoptosis in cells with
mutation/inactivation of p53 following photon irradi-
ation [22,23]. Cell death results from the premature
entry into mitosis because of a compromised G2/M
checkpoint. However, Vitale et al. [7] recently redefined
mitotic catastrophe as a mechanism that senses mitotic
failure and responds to it by driving the cell to an irre-
versible fate, which can be apoptosis, necrosis, or senes-
cence. Consistent with this concept, delayed apoptosis
has been shown to occur in the final phase of mitotic
catastrophe following low- or high-LET irradiation
[11,23]. However, no previous report has considered the
role of ceramide in this process. Only Mifano et al. [24]
demonstrated that the addition of exogenous C2-
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ceramide, a non-physiological short-chain ceramide, can
induce caspase-2 cleavage, which is responsible for the
triggering of late apoptosis. The new finding presented
in this paper is the existence of a significant correlation
between the increase in the amount of late ceramide in
radioresistant SQ20B and U87MG cells, and the

induction of delayed apoptosis after high and low LET-
radiation. Moreover this relationship seems to be inde-
pendent of p53-status. We therefore suggest that
ceramide provides the molecular bridge between mitotic
catastrophe and the commitment phase of delayed apop-
tosis in response to irradiation. This suggestion is
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supported by our experiments using pharmacological in-
hibitors, which showed that ceramide acts upstream of
the caspases. The two pathways of ceramide production
seem to be involved because inhibitors of de novo pro-
duction or acid sphingomyelinase can both inhibit late
apoptosis. Moreover we present evidence for the first
time that the last step of mitotic catastrophe resulting in
delayed apoptosis is mediated through mitochondria
alterations after carbon irradiation.

Conclusion

Ceramide is now emerging as a key factor in the early
and late cellular responses to high- and low-LET expos-
ure. Here, we have demonstrated for the first time that
carbon and photon irradiation can activate the same
apoptotic pathway. This is fundamental information that
should be applicable to new promising strategies for
cancer treatment based on specific sphingolipid metab-
olism targeting [25] either after photon or carbon ion ex-
posure. Among others, we have previously reported that
increasing endogenous ceramide levels in radioresistant
tumor cells can overcome photon resistance to clonogenic
and apoptotic cell death [25,26] or restore p53-dependent
apoptosis [27]. Our work clearly demonstrates that the
modulation of the ceramide pathway will therefore be of
interest in the development of future new adjuvant ther-
apies in association with hadrontherapy to improve the
treatment of radioresistant tumors.

Abbreviation

Ay, Mitochondrial transmembrane potential; HNSCC: Head and neck
squamous carcinoma cell; HPLC: High performance liquid chromatography;
LET: Linear energy transfer; SF2: Survival fraction at 2Gy.

Competing interest
Non-financial competing interests.

Authors’ contributions

GA has made substantial contributions to conception, design, analysis and
interpretation of data and has been involved in drafting the manuscript. MM
has made substantial contributions to conception and acquisition of data.
PB-M has made substantial contributions for acquisition of data. DA has
been involved in drafting the manuscript. MB has given final approval of the
version to be published. RR has given final approval of the version to be
published. GT-S has made substantial contributions to conception,
interpretation of data. CF has made substantial contributions to conception
and interpretation of data. CR-L has been involved in drafting the
manuscript. All authors read and approved the final manuscript.

Acknowledgments

We thank Colette Berthey-Bongay for her precious help in ceramide
quantification. We thank all who participated in the experiments at GSI and
GANIL. We acknowledge the contribution of the flow cytometry platform of
SFR BioSciences Gerland-Lyon-Sud (UMS3444/US8).

This work was performed within the scientific framework of ETOILE and the
LABEX-PRIMES. It was supported by the “Contrat-de-Plan-Etat-Region, the
"Ligue-contre-le-Cancer (Ain)", EURONS, and "Verein-zur-Férderung der
Tumortherapie mit schweren-lonen eV".

Author details
'Université de Lyon, Lyon F-69622, France. “Faculté de Médecine-Lyon-Sud,
Université Lyonl, Oullins F-69921, France. 3Laboratoire de Radiobiologie-

Page 10 of 11

Cellulaire-et-Moléculaire, EMR3738 Lyon1-HCL, Oullins, France.
“Hospices-Civils-de-Lyon, Centre-Hospitalier-Lyon-Sud, Pierre-Bénite, France.
5Hospices—CiviIsfdefLyon, Groupe Hospitalier Est, Bron, France.
SIPNL-LIRIS-CNRS-IN2P3, Villeurbanne, France. /Biophysics-Department, GSI
Helmholtz Center for Heavy-lon-Research, Darmstadt, Germany.

Received: 26 October 2012 Accepted: 12 March 2013
Published: 25 March 2013

References

1. Shao C, Folkard M, Michael BD, Prise KM: Targeted cytoplasmic irradiation
induces bystander responses. Proc Natl Acad Sci U S A 2004,
101(37):13495-13500.

2. Haimovitz-Friedman A, Kan CC, Ehleiter D, Persaud RS, McLoughlin M, Fuks
Z, et al: lonizing radiation acts on cellular membranes to generate
ceramide and initiate apoptosis. J Exp Med 1994, 180(2):525-535.

3. Santana P, Pefa LA, Haimovitz-Friedman A, Martin S, Green D, McLoughlin
M, et al- Acid sphingomyelinase-deficient human lymphoblasts and mice
are defective in radiation-induced apoptosis. Cell 1996, 86(2):189-199.

4. Alphonse G, Aloy MT, Broquet P, Gerard JP, Louisot P, Rousson R, et al:
Ceramide induces activation of the mitochondrial/caspases pathway in
Jurkat and SCC61 cells sensitive to gamma-radiation but activation of
this sequence is defective in radioresistant SQ20B cells. Int J Radiat Biol
2002, 78(9):821-835.

5. Bionda C, Hadchity E, Alphonse G, Chapet O, Rousson R, Rodriguez-Lafrasse
C, et al- Radioresistance of human carcinoma cells is correlated to a
defect in raft membrane clustering. free Radic Biol Med 2007,
43(5):681-694.

6. Heffernan-Stroud LA, Obeid LM: p53 and regulation of bioactive
sphingolipids. Adv Enzyme Regul 2011, 51(1):219-228.

7. Vitale |, Galluzzi L, Castedo M, Kroemer G: Mitotic catastrophe: a
mechanism for avoiding genomic instability. Nat Rev Mol Cell Biol 2011,
12(6):385-392.

8. Durante M, Loeffler JS: Charged particles in radiation oncology.

Nat Rev Clin Oncol 2010, 7(1):37-43.

9. Iwadate Y, Mizoe J, Osaka Y, Yamaura A, Tsujii H: High linear energy
transfer carbon radiation effectively kills cultured glioma cells with either
mutant or wild-type p53. Int J Radiat Oncol Biol Phys 2001, 50(3):803-808.

10.  Takahashi A, Matsumoto H, Yuki K, Yasumoto J-I, Kajiwara A, Aoki M, et al:
High-LET radiation enhanced apoptosis but not necrosis regardless of
p53 status. Int J Radiat Oncol Biol Phys 2004, 60(2):591-597.

11. Maalouf M, Alphonse G, Colliaux A, Beuve M, Trajkovic-Bodennec S,
Battiston-Montagne P, et al: Different mechanisms of cell death in
radiosensitive and radioresistant P53 mutated head and neck squamous
cell carcinoma cell lines exposed to carbon ions and X-rays. Int J Radiat
Oncol Biol Phys 2009, 74(1):200-209.

12. Yamakawa N, Takahashi A, Mori E, Imai Y, Furusawa Y, Ohnishi K, et al: High
LET radiation enhances apoptosis in mutated p53 cancer cells through
caspase-9 activation. Cancer Sci 2008, 99(7):1455-1460.

13. Mori E, Takahashi A, Yamakawa N, Kirita T, Ohnishi T: High LET heavy ion
radiation induces p53-independent apoptosis. J Radiat Res 2009,
50(1):37-42.

14.  Seideman JH, Stancevic B, Rotolo JA, McDevitt MR, Howell RW, Kolesnick
RN, et al: Alpha particles induce apoptosis through the sphingomyelin
pathway. Radiat Res 2011, 176(4):434-446.

15.  Blough MD, Beauchamp DC, Westgate MR, Kelly JJ, Cairncross JG: Effect of
aberrant p53 function on temozolomide sensitivity of glioma cell lines
and brain tumor initiating cells from glioblastoma. J Neurooncol 2011,
102(1):1-7.

16. Kumar A, Oskouian B, Fyrst H, Zhang M, Paris F, Saba JD: STP lyase
regulates DNA damage responses through a novel sphingolipid
feedback mechanism. Cell Death Dis 2011, 2:e119.

17. Lowe SW, Bodis S, McClatchey A, Remington L, Ruley HE, Fisher DE, et al:
p53 status and the efficacy of cancer therapy in vivo. Science 1994,
266(5186):807-810.

18. Corre |, Niaudet C, Paris F: Plasma membrane signaling induced by
ionizing radiation. Mutat Res 2010, 704(1-3):61-67.

19.  Kolesnick R, Fuks Z: Radiation and ceramide-induced apoptosis.
Oncogene 2003, 22(37):5897-5906.



Alphonse et al. BMC Cancer 2013, 13:151
http://www.biomedcentral.com/1471-2407/13/151

20.

21.

22.

23.

24.

25.

26.

27.

Hara S, Nakashima S, Kiyono T, Sawada M, Yoshimura S, lwama T, et al:
p53-Independent ceramide formation in human glioma cells during
gamma-radiation-induced apoptosis. Cell Death Differ 2004, 11(8):353-861.
Ardail D, Maalouf M, Boivin A, Chapet O, Bodennec J, Rousson R, et al:
Diversity and complexity of ceramide generation after exposure of jurkat
leukemia cells to irradiation. Int J Radiat Oncol Biol Phys 2009,
73(4):1211-1218.

lanzini F, Bertoldo A, Kosmacek EA, Phillips SL, Mackey MA: Lack of p53
function promotes radiation-induced mitotic catastrophe in mouse
embryonic fibroblast cells. Cancer Cell Int 2006, 6:11.

Eriksson D, Stigbrand T: Radiation-induced cell death mechanisms.
Tumour Biol 2010, 31(4):363-372.

Mifiano A, Caballero-Benitez A, Lluch M, Moran J, Rodriguez-Alvarez J:
C2-ceramide mediates cerebellar granule cells apoptosis by activation of
caspases-2, -9, and —3. J Neurosci Res 2008, 86(8):1734-1747.

Oskouian B, Saba JD: Cancer treatment strategies targeting sphingolipid
metabolism. Adv Exp Med Biol 2010, 688:185-205.

Alphonse G, Bionda C, Aloy M, Ardail D, Rousson R, Rodriguez-Lafrasse C:
Overcoming resistance to gamma-rays in squamous carcinoma cells by
poly-drug elevation of ceramide levels. Oncogene 2004, 23(15):2703-2715.
Liu Y-Y, Patwardhan GA, Bhinge K, Gupta V, Gu X, Jazwinski SM:
Suppression of glucosylceramide synthase restores p53-dependent
apoptosis in mutant p53 cancer cells. Cancer Res 2011, 71(6):2276-2285.

doi:10.1186/1471-2407-13-151

Cite this article as: Alphonse et al.: p53-independent early and late
apoptosis is mediated by ceramide after exposure of tumor cells to
photon or carbon ion irradiation. BMC Cancer 2013 13:151.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

e Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	Irradiation procedure and pharmacological treatment
	Flow cytometry analysis
	Ceramide quantification
	Statistical analysis

	Results
	Involvement of ceramide production in the response to low- and high-LET radiation
	Activation of apoptosis through mitochondrial dysfunction and caspase activation by low-and high-LET radiation
	Functional relationship between ceramide production and induction of apoptosis

	Discussion
	Conclusion
	Abbreviation
	Competing interest
	Authors’ contributions
	Acknowledgments
	Author details
	References

