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ABSTRACT

Ionizing radiation mediates cell death, in part, through chromosomal
damage following one or more cell divisions. X-rays also induce pro
grammed cell death (apoptosis) in some cell types both in vitroand in vivo.
Both neutral and acidic sphingomyelinases, which generate the lipid see
ond messenger ceramide, are reported to induce apoptosis following ion
izing radiation and other death signals such as tumor necrosis factor a

and Faa ligand. Herein we report that a loss of ceramide production from
a neutral sphingomyelinase generates a radioresistant phenotype as meas
ured by a marked decrease in apoptosis. A WEHI-231 subline made
deficient in ceramide production was found to be resistant to apoptosis
compared with the parental subline following treatment with X-rays. The
resistant subline underwent two to three subsequent cell divisions follow

ing X-irradlation, confirming that X-rays induce cell death through both
mitotic and apoptotic mechanisms. These data suggest that loss of ceram
ide production following X-rays represents an extranuclear mechanism
for the development of radioresistance. Modulation of extranuclear sig
nals may increase tumor cell killing following radiation and represent new
cellular targets for cancer therapy.

INTRODUCTION

Death during cell division due to lethal mutations or damaged
chromosomes following ionizing radiation is a well-studied mecha
nism of tumor cell killing (1). Recent work has demonstrated that
apoptosis represents an important mechanism of death in some cell
types (2). It has been proposed that the direct effects of X-rays on the
nucleus initiate a cascade of signals, resulting in the induction of
apoptosis (2, 3). Thus, the signal to undergo apoptosis following
ionizing radiation is generally considered to originate in the nucleus
(2â€”5).

Recent studies investigating mechanisms of radiation-mediated ap
optosis demonstrate that the production of the lipid second messenger
ceramide from sphingomyelin hydrolysis immediately following X
rays contributes to the apoptotic response (6â€”8).Two forms of
sphingomyelinase have been implicated in the generation of ceramide
following X-rays. Involvement of the Mg2tdependent neutral sphin
gomyelinase was first suggested as the source of ceramide generation
at the membrane following ionizing radiation in endothelial cells (7).
Recently, Santana et al. (9) demonstrated that tissues and cells from
acidic sphingomyelinase knockout mice are more resistant to apopto

sis following ionizing radiation. This study implicated acidic sphin
gomyelinase as a component of the apoptotic response in some
tissues.

Herein we show that the extranuclear signal ceramide is a compo
nent of the cytoplasmic events that mediate radiation-induced apop
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tosis in the lymphoid cell line WEHI-23l. Following exposure to 8 Gy
of ionizing irradiation, WEHI-231 wild-type (JM) cells showed acti
vation of neutral but not acidic sphingomyelinase and underwent
apoptosis with characteristic nucleosomal DNA cleavage by 14 h. A
WEHI-23 1 cell line deficient in the production of ceramide was

selected with n-oleoylethanolamine (10, 11), a potent inhibitor of
ceramidase. The n-oleoylethanolamine-resistant WEHI-23l (OE) sub
line did not produce ceramide, lacked activation of neutral sphingo
myelinase when exposed to X-rays, and was resistant to radiation
induced apoptosis. Furthermore studies using exogenous ceramide
and inhibitors of sphingosine kinase demonstrate that the resistant
cells are equally sensitive to ceramide-mediated apoptosis compared
with the parental line and that exogenous ceramide can restore the
apoptotic response to X-rays. These data taken together further the
evidence that the loss of cenamide production from neutral sphingo
myelinase may represent one mechanism of resistance to cancer
treatment in some cell types.

MATERIALS AND METHODS

Materials. ATP, sphingosine-l-phosphate, DL-threo-dihydrosphingosine,
and propidium iodide were purchased from Sigma Chemical Corp. (St. Louis,
MO). C2-ceramideand n-oleoylethanolaminewere purchasedfrom Matreya
Chemicals (Pleasant Gap, PA). Reagents for the terminal transferase assay
were purchased from Boehringer-Mannheim Biochemicals (Indianapolis, IN).
Thin-layer chromatography plates were purchased from Whatman
(10 x 10-cm LHP-K TLC plate). Autoradiography film was from DuPont.
[y-32P]ATPwas purchased from DuPont NEN. All solvents were HPLC grade.

Isolation of Nuclei. WEHI-23l JM cells (2 x l0@)were pelleted and
resuspended in extraction buffer [20 mist HEPES (pH 7.4), 10 mr@iMgCl2, 2

mM EDTA, S mM DTF, 100 msi Na3VO4, 100 mi@iNaMO4,; 10 mM /3-glyc

erolphosphate, 750 ,.@MATP, 1 mM phenylmethylsulfonyl fluoride, 10 @LM
leupeptin, 10 ,@Mpepstatin, and 2% Triton X]. Cells were incubated on ice for
5 mm and then disrupted with 15 strokes of a Dounce homogenizer. Nuclei,
prepared fresh before each experiment, were washed twice with RPM! spin
fling at 2000 RPM in a microcentrifuge and resuspended in media containing

RPM! and S x Hr5 M f3-mercaptoethanol. Radiation for all samples was
delivered using a @Â°Coirradiator (Gammacell 220; Atomic Energy of Canada)

at a dose rate of 2.0 Gy/s.
Selection of OE Variants. WEHI-23l JM cells (1 x l0@)were treated with

two successivetreatmentsof 100and 125 @Mn-oleoylethanolamine(Matreya),a
potent inhibitor of ceramidase (10, 11). Cells were grown in media containing
n-oleoylethanolamine for 96 h. Serial dilutions isolated individual resistant cells

and were expanded after each selection. Every 2 weeks cells were re-selected with
125@ n-oleoethanolamine.The resultingcell lines, named WEHI-231 OE, are
3-fold more resistant to apoptosis when treated with 75 pM ofthe inhibitor, yet the

cells possess similar growth kineticscompared with the parental line.
Assays for Ceramide Production and Sphingomyelinase Activity. The

mixed micellar assay using â€˜4C-labeledsphingomyelin to quantitate neutral
and acidic sphingomyelinase activity was performed as described previously
with minor modifications (12, 13). Data (mean Â±SE) were derived from four
independent experiments with two or more determinants in which P was <0.04
for neutral sphingomyelinase activity in WEHI-23l JM cells (Student's t test)
compared with unirradiated controls. Ceramide was extracted and quantitated

using the diacylglycerol kinase assay as described previously (7, 13). Data

(mean Â±SD) represent at least four independent experiments in which *P was

<0.002 compared with unirradiated controls.
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Assays for Apoptosis and Cell Viability. The TCIT3assay was performed
as described previously (14). Irradiated (10 Gy) and serum-starved FL5â€”l2
generated the apoptotic region designated as R2. Cells were analyzed via flow
cytometry on a FACScan (Becton-Dickson) using Lysis II software with FL2

and FSH compensation set to 50 and 25%, respectively.
To detect DNA fragmentation, cells were collected and lysed in 0.5-mi lysis

buffer (0.6% SDS + 10mistEDTA, pH 7.0). NaCl was added to 1Mand mixed
by inversion and left for 12 h in 4Â°Cand spun at 14,000 X g for 30 mm.
Samples were precipitated in chloroform and ethanol (1 : I) and run in a 3%
agarose gel stained with ethidium bromide.

For viability staining,2.5â€”3.5X l0@cells were treatedwith varyingcon
centrations of C2-ceramide, irradiation, or both. After the indicated time
points, cells were harvested, washed once in PBS, resuspended in PBS con
taming so@ of 100 p.g/ml propidium iodide, and analyzed by flow cytometry
(FACS).

A

..

RESULTS

We examined the nuclear changes of apoptosis in WEHI-231 JM
lymphoma cells following irradiation by staining whole cells with
DAPI. Nuclear condensation characteristic of apoptosis following
20 Gy (Fig. 1A) was observed within 24 h in over 95% of cells
quantitated by propidium iodide exclusion and FACScan analysis
(data not shown). To assess whether ionizing radiation requires the
extranuclear compartment to induce nuclear changes of apoptosis,
isolated WEHI-231 JM nuclei were irradiated. Doses from 20 to 40
Gy failed to induce apoptotic changes in either the nuclear mem
brane or chromatin for over 72 h following irradiation (Fig. 1B).
Isolated WEHI-231 JM nuclei, however, underwent DNA conden
sation and nuclear disintegration characteristic of apoptosis within
5 h following treatment with the kinase inhibitor chelerythrine
chloride (Fig. 1C). These findings demonstrate that nuclear signals
alone do not account for apoptosis in intact cells following X-rays
and suggest that extranuclear events are required for radiation
mediated apoptosis in these cells.

Because ceramide is a proposed extranuclear signal involved in the
response to ionizing radiation and other mediators of apoptosis (15â€”
18), we measured ceramide production following exposure of cells to

8 Gy because this dose of X-rays induces apoptosis in nearly 100% of
WEHI-231 within 72 h (data not shown). Fig. 2A depicts the time
course of ceramide production following irradiation of exponentially
growing WEHI-231 JM cells. Ceramide production, measured by the
diacylglycerol kinase assay, rose to 140% (P < 0.002) above baseline
levels (78 Â±18 pmols/106 cells) approximately 30 mm after X-ray
exposure with a concomitant rise in neutral sphingomyelinase activity
(Fig. 2B) peaking to 138% (P < 0.04) of unirradiated control (Fig.
2B). Contrary to other recent reports, acidic sphingomyelinase was
unaltered in this cell line from its basal level of 7.6 pmol/mg/min.
These findings support a temporal relationship between ceramide
production, activation of neutral sphingomyelinase, and the induction
of apoptosis following irradiation. Although other reports have mdi
cated a dose-response relationship between radiation dose and the
production of ceramide, in our system differences in ceramide pro

duction between 1 and 8 Gy were not statistically significant.
To determine if the observed increase in ceramide production

contributes to radiation-mediated apoptosis, a variant WEHI-23l cell
line resistant to changes in ceramide production following X-ray
exposure was selected. We reasoned that inhibition of ceramidase
would select for cells intolerant to the production of ceramide and
predicted that n-oleoylethanolamine resistance would result in re
duced ceramide production following cellular stresses. WEHI-23l JM

3 The abbreviations used are: TdT, terminal deoxynucleotidyltransferase; FACS, flu
orescence-activated cell sorter; DAPI, 4',6-diamidino-2-phenylindole.
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Fig. 1.The membraneand cytosol are required for radiation-inducedapoptosis.A. DAPI
fluorescent staining of DNA revealing distinct nuclear changes of apoptosis in WEHI-231 JM
whole cells within 5â€”24h of treatmentwith 20 Gy. X40. Left. 0 Gy. 24 h; right. 20 Gy, 24 h.
In B, WEHI-231JM isolated nuclei remain intact for 72 h following20 Gy radiation. X40.
Left. 0 Gy, 72 h; right, 20 Gy, 72 h. In C, DAPI stainingreveals that WEHI-23I JM nuclei
undergo chromatincondensationcharacteristicof apoptosis following treatment with 15 gs@
chelerythrine chloride. Box in upper left is representative of an intact cell treated with
cheleiythrine for 3 h showing apoptosis and relative size. X 16.

cells were incubated with the ceramidase inhibitor n-oleoylethano
lamine (1 1). The intracellular accumulation of ceramide compared to
baseline levels rose within 24 h in a dose-dependent manner (data not
shown). The resulting cell line, WEHI-23 1 OE, have similar basal
levels of ceramide production (100 Â±10 pmols/l06 cells) compared
to the JM line. Fig. 14 demonstrates the relative increase in ceramide
production observed in wild-type WEHI-23l JM cells following cx
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Fig. 2. Irradiation induces ceramide production in WEHI-23l JM cells. A, time course
for cersmide production in irradiated (8 Gy) WEHI-231 JM ( 0 ) and OE (U) cells. Data
(mean Â±SD) represent at least four independent experiments in which 4P was <0.002
comparedwith unirradiatedcontrols.B, in vitro neutraland acidicsphingomyelinase
activity normalized to a percentage of control. Data (means; bars, SE) were derived from
four independent experiments with two or more determinants in which P was <0.04 for
neutral sphingomyelinase activity in WEHI-23l JM cells (Student's t test) compared with
unirradiated controls.

posure to 8 Gy (Fig. 2A). WEHI-231 OE failed to increase ceramide
production compared to unirradiated OE control cells. As observed in
the JM line, acidic sphingomyelinase activity (22 pmol/mg/min) was
unaltered by ionizing radiation. Thus, selection of cells with
n-oleoylethanolamine produced a cell line with altered neutral sphin
gomyelinase activity following ionizing radiation. Although the basal
levels of ceramide in both cell lines are similar, the OE line fails to
increase ceramide production following X-rays.

WEHI-231 OE cells are altered with respect to their apoptotic
response following x-irradiation compared with the wild-type WEHI

231 JM cells. The TdT assay revealed that at least 50% of WEHI-231
JM cells undergoapoptosis 24 h following 10 Gy (Fig. 3A). Too few
intact cells remained at 48 h to carry out further analysis. In contrast,
only 12 and 19% of the WEHI-231 OE cells underwent apoptosis at
24 and 48 h, respectively. The WEHI-23 1 JM parental cell line, but
not the WEHI-231 OE line, showed characteristic DNA laddering of
apoptosis as early as 14 h following irradiation (Fig. 3B), which
confirmed the TdT results. Taken together, these results demonstrate
that development of an apoptosis-resistant phenotype can occur
through alterations in neutral sphingomyeinase activation and subse
quent ceramide generation.

We next investigated whether the decrease in apoptosis would
permit the OE line to proliferate following X-irradiation. Following
irradiation with 6 Gy, the OE cells continue to proliferate for over 24 h
before entering growth arrest (Fig. 3C). The remaining cells consist
mainly of giant multinucleated cells that loose their ability to exclude
vital dyes and eventually fragment (data not shown), consistent with
a postmitotic death or necrotic cell death (19). The lack of continual
OE cell proliferation and subsequent cell death demonstrates that an
apoptotic response to ionizing radiation represents one mechanism by
which X-rays kill cells.

To address the question of whether the resistance of the OE sublime
was due, in part, to alterations in ceramide metabolites or targets, three
experiments were performed. Pretreatment of irradiated WEHI-231
OE cells with the cell-permeable cerainide analogue C2-ceramide
restored the apoptotic response at 24 h (Fig. 4A). In addition, WEHI
231 JM and OE cells are equally sensitive (Fig. 4B) to exogenous
ceramide (IC50, 30 @LM)and to the sphingosine kinase inhibitor DL
threo-dihydrosphingosine (IC50, 3 @.tM),which is reported to specifi
cally inhibit sphingosine-l-phosphate formation, a ceramide metabo
lite reported to suppress the apoptotic effects of ceramide production
(20). Both cell lines are equally susceptible to the effects of sphingo
sine kinase inhibition and the resulting decrease in. These results
demonstrate that cellular components that interact with ceramide and
induce apoptosis remain unaltered in WEHI-231 OE cells. Thus, the
radioresistance can be attributed to the lack of sphingomyelinase
activation and subsequent decreased ceramide production following
irradiation.

DISCUSSION

We demonstrate here that the extranuclear compartment contributes
an essential apoptotic signal following exposure of cells to ionizing
radiation. Consistent with these data are studies demonstrating that
extranuclear signals are required to induce the characteristic cytoplas
mic and nuclear changes of apoptosis in mammalian cells (21, 22).
Our data suggest that acquired defects in ceramide production from
sphingomyein hydrolysis can result in a radioresistant phenotype.
Specifically, we show that loss of neutral, but not acidic, sphingomy
elinase activity is associated with resistance to apoptosis following
ionizing radiation in contrast to previous studies in acidic sphingo
myelinase knockout mice (9), which implicated acidic sphingomyei
nase as the main effector of apoptosis.

The acidic sphingomyelinase activity in the exponentially growing
JM and OE lines was low compared to other published cell lines and
failed to increase following ionizing radiation. The lack of activation
following X-rays and the relatively low basal levels of activity suggest
that it is not a component of the apoptotic response to X-rays in this
system. These data taken together further the evidence that the loss of
ceramide production from neutral sphingomyelinase may represent a

mechanism by which some cell types develop resistance to X-rays.
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Fig.3. WEHI-23lOEcellsare relativelyapoptosisresistantcomparedto theJMcells.A, terminaltransferaseandFACSanalysisof WEHI-231JM andOEcells24 h following
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not OE cells 14 h following irradiation (8 Gy). In C, WEHI-23l OE cells continue to proliferate following 8 Gy of irradiation. Four to 5 X 10@exponentially growing JM or OE cells
were irradiated and returned to the incubator for time intervals ranging from 6 to 72 h. At the indicated time points, cells excluding trypan blue were counted using a hemocytometer
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Fig. 4. In A, exogenous ceramide can sensitize WEHI-23l OE cells to radiation-mediated apoptosis. C2-ceramide (Cer) was added to 3 X l0@WEHI-23l OE cells 30 mm prior
to treatment with 8 Gy. Apoptosis was quantitated using propidium iodide stalning and FACS analysis. The percentage of apoptotic cells is shown in gate R2 24 h following irradiation.
In B, WEHI-23l JM and OE cells are equally sensitive to inhibition of sphingosine kinase and exogenous ceramide. Cells were treated with increasing concentrations of C2-ceramide

or DL-threo-dihydrOsphlngOsine,a potent inhibitor of sphingosine kinase. Viability was assayed using propidium iodide staining and FACS analysis 24 h after treatment. Shown are
the means of two or three experiments with duplicate determinants; bars, SD.

As suggested recently by Cuvillier et a!. (20), other lipid me
tabolites of ceramide may oppose the death pathway. Specifically,
the conversion of sphingosine to sphingosine-l-phosphate has been
shown to inhibit ceramide-induced apoptosis (20). These studies
demonstrate that increased sphingosine kinase activity may repre
sent an alternative way cells may acquire resistance to X-rays. Our
studies demonstrating that both the radioresistant and wild-type
cell lines are equally sensitive to both exogenous ceramide and
inhibition of sphingosine kinase further support the hypothesis that
the loss of the ceramide signaling event following X-rays is re
sponsible for the resistant phenotype. This suggests that tumor
cells may become resistant to apoptosis in vivo through a similar
mechanism.

Whereas a loss of neutral sphingomyelinase activation and ceram
ide generation prevents apoptosis, the OE cell line undergoes a mitotic
or divisional death at a later time. The early apoptotic response of JM
cells to undergo apoptosis following ionizing radiation is dependent,
in part, on activation of neutral sphingomyelinase and an increase in
ceramide production. The lack of continued cell proliferation beyond
the first or second mitotic division, however, is consistent with pre
vious studies that demonstrate that X-irradiation kills tumor cells
through several mechanisms (2, 4, 6, 23).

Ceramide production is proposed to mediate cell killing by
several other DNA-damaging agents including daunorubicin and
1-@-D-arabinofuranosylcytosine (24, 25). Loss of ceramide produc

tion may, therefore, represent a generalized mechanism of resist
ance to several forms of antineoplastic therapies considered to
damage DNA. Conventional strategies have thus far focused on the
use of DNA-damaging agents to act as radiosensitizers (26, 27).
Our data also suggest that increasing ceramide production to
induce apoptosis may be an additional strategy for cell killing in
cancer therapy.
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