
Ceramide-induced G2 arrest in rhabdomyosarcoma
(RMS) cells requires p21Cip1/Waf1 induction and is
prevented by MDM2 overexpression
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The sphingoplipid ceramide is responsible for a diverse range of biochemical and cellular responses including a putative role in
modulating cell cycle progression. Herein, we describe that an accumulation of ceramide, achieved through the exogenous
application of C6-ceramide or exposure to sphingomyelinase, induces a G2 arrest in Rhabdomyosarcoma (RMS) cell lines.
Utilizing the RMS cell line RD, we show that this G2 arrest required the rapid induction of p21Cip1/Waf1 independent of DNA
damage. This was followed at later time points (48 h) by the commitment to apoptosis. Apoptosis was prevented by Bcl-2
overexpression, but permitted the maintenance of elevated p21Cip1/Waf1 protein expression and the stabilization of the G2 arrest
response. Inhibition of p21Cip1/Waf1 protein synthesis with cyclohexamide (CHX) or silencing of p21Cip1/Waf1 with siRNA, prevented
ceramide-mediated G2 arrest and the late induction of apoptosis. Further, adopting the recent discovery that murine double
minute 2 (MDM2) controls p21Cip1/Waf1 expression by presenting this CDK inhibitor to the proteasome for degradation, RD cells
overexpressing MDM2 abrogated ceramide-mediated p21Cip1/Waf1 induction, G2 arrest and the late ensuing apoptosis.
Collectively, these data further support the notion that ceramide accumulation can modulate cell cycle progression. Additionally,
these observations highlight MDM2 expression and proteasomal activity as key determinants of the cellular response to
ceramide accumulation.
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The bioactive sphingolipid ceramide is a central component of
the sphingomyelin cycle. In addition to playing a structural
role, ceramide functions as an essential second messenger in
the intracellular propagation of physiological, pharmacological
and environmental signals.1 The hydrophobic nature of
ceramide limits its accumulation to membranous regions
within the cell where it may influence protein distribution and
function. In this regard, cytosolic concentrations of ceramide
are negligible.2 While the majority of studies evaluating the
effects of an elevation in cellular ceramide have focused on its
ability to induce apoptosis,1,3 several other studies have also
described ceramide to be necessary for the induction of
senescence,4 cell–cell interactions,5 death receptor cluster-
ing6 and autophagy.7 Collectively these studies emphasize
that the cellular response to elevations in ceramide are tissue-
specific and that ceramide is capable of modulating several
biochemical pathways. In this regard, data describing
ceramide to mediate G0/G1 arrest,3,4,8 and to accumulate
following the release of cells from G2/M arrest,9 also implicate
a role for ceramide in cell cycle progression and regulation.
Cell cycle progression is tightly controlled by cyclin-

dependent kinases (CDKs), which are themselves regulated
in part by two classes of CDK inhibitors (CDKI), the cip/kip

family (p21Cip1/Waf1, p27Kip1 and p57Kip2) and the INK
family (p16INK4a, p15INKb, p18INK4c and p19INK4d). The CDKI
p21Cip1/Waf1 can be induced through p53-dependent and -
independent mechanisms and consequently mediate arrest of
cycling cells primarily in G0/G1, but also in G2/M.10 Further-
more, induction of p21Cip1/Waf1 is required to maintain the G2

checkpoint following DNA damage.11 Protein expression of
p21Cip1/Waf1 is regulated at transcriptional and post-transla-
tional levels. Proteasomal activity is essential in maintaining
low-level basal p21Cip1/Waf1 protein expression by regulating
its degradation.12–15

The murine double minute 2 (MDM2) oncogene is amplified
and overexpressed in numerous human cancers16–19 includ-
ing Rhabdomyosarcoma (RMS) tumors and cell lines.20,21

MDM2 negatively regulates p53 transcriptional activity18,22

and promotes p53 degradation by the proteasome.23 Ad-
ditionally, MDM2 can function in a p53-independent manner,
interacting directly with a number of other proteins including
p21Cip1/Waf115, p19/14Arf24, E2F125 and p73.26 Further, MDM2
overexpression suppresses p21Cip1/Waf1-induced growth
arrest of human p53�/� and p53�/�/Rb�/� cells12 by promoting
its degradation by the proteasome independent of ubiquitina-
tion and also p53/Rb status.12,15
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RMS is the most common soft tissue sarcoma in pediatrics
arising from cells committed to skeletal muscle lineage. RMS
tumors are characterized into two histological subtypes,
embryonal RMS and alveolar RMS, the latter being more
refractory to treatment. Current treatment strategies encom-
pass a multimodal approach incorporating surgery, ionizing
radiation (IR) and chemotherapy.27 Evidence suggests that
ceramide generation in response to IR and chemotherapeu-
tics1 is at least partly required for the efficient induction of
apoptosis to achieve anti-tumorigenic efficacy. However, the
effect of ceramide accumulation in RMS is currently unknown.
Herein we have investigated the cellular responses of RMS

cell lines to an accumulation of cellular ceramide achieved
through the exogenous application of short chain, synthetic

ceramide (C6-ceramide) or through the production of en-
dogenous ceramide mediated by cellular exposure to sphin-
gomyelinase. We describe that an accumulation of cellular
ceramide mediates a G2 arrest response before the induction
of apoptosis. This response requires the stabilization of
p21Cip1/Waf1 independent of DNA damage. Overexpression
of Bcl-2 prevents ceramide-induced apoptosis, but maintains
the G2 arrest phenotype. Inhibition of p21Cip1/Waf1 accumula-
tion either through the abrogation of protein synthesis,
silencing of p21Cip1/Waf1 expression, or by overexpression of
MDM2, prevents G2 arrest and the late apoptosis induction.
Inhibition of ceramide-induced G2 arrest by MDM2 expression
is reversed by pretreatment with the proteasome inhibitor
MG132 or by siRNA targeted against MDM2. Collectively, our
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Figure 1 Ceramide induces G2 arrest and late induction of apoptosis in the RMS cell line RD. RMS cell lines were exposed to N-hexanoylsphingosine (C6-ceramide) for 0–
24 h, and the percentage apoptosis and cell cycle phase were determined by DNA cell cycle analysis by flow cytometry (a and b). Additionally, RD cells were pulse-chased for
30 min with BrdU (10mM) before wash out and treatment with C6-ceramide (15mM) for a further 0, 6 or 24 h. Cells were harvested and the BrdU content was determined as
described in Materials and methods (c). Alternatively, RD cells were treated with C6-ceramide (0–15mM) or Nocodazole (0.5mg/ml) for 24 h. Cells were then fixed in 70%
ethanol, and probed for histone H3 phosphorylation (Ser10) as a marker of M-phase as described. Quantification of the M-phase of the cell cycle was determined by flow
cytometric evaluation of the percentage population positive for histone H3 phosphorylation (d). Data are presented as the mean7S.E.M. of 3–5 independent experiments.
Flow cytometry histograms are representative of three independent experiments
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data describe a novel role for ceramide accumulation in
mediating G2 arrest in RMS cells that is induced by an
accumulation p21cip1/waf1 and regulated by the expression of
MDM2.

Results

Treatment of the asynchronous RMS cell line RD with
C6-ceramide mediated the late induction of apoptosis after
48 h of exposure (Figure 1a). Interestingly, C6-ceramide also
induced a dose- and time-dependent elevation of cells in the
G2/M phase of the cell cycle before the appearance of
apoptosis (Figure 1b). The inactive analog of C6-ceramide,
dihydro-C6-ceramide (0–20mM), did not modulate the cell
cycle distribution or induce apoptosis (data not shown). Loss
of cells in the G0/G1 phase of the cell cycle occurred within 2 h
of C6-ceramide (15 mM) treatment, and was accompanied by
an increased number of cells in S-phase, which after 6 h also
decreased as nuclei accumulated in the G2/M phase
(Figure 1b). These observations were confirmed by utilizing
BrdU incorporation assays (Figure 1c). RD cells were pulse-
chased with BrdU to label cells in S phase. In vehicle-treated
RD cells, successful G2/M phase exit and entry intoG0/G1was
achieved, whereas BrdU-positive DNA remained trapped in
the G2/M phase of the cell cycle (Figure 1d). Collectively these
data indicate that exit of cells from the G2/M phase was

retarded. Utilizing flow cytometric evaluation of phosphory-
lated-histone H3 (Ser10), an M-phase marker, we determined
this arrest to be predominantly a G2 arrest since C6-ceramide
did not increase the percentage of cells in M-phase compared
to the positive control nocodazole (Figure 1d). Similar
observations were observed in the RMS cell line Rh30 (data
not shown).
Analysis of proteins associated with cell cycle checkpoints

revealed a marked elevation in p21Cip1/Waf1 expression levels
that accompanied the dose- and time-dependent elevation in
G2-phase DNA. This was associated with a loss of cyclin-D1,
although p27 remained relatively stable and the phosphoryla-
tion status of the retinoblastoma (Rb) tumor suppressor
protein was not altered (Figure 2a). p21Cip1/Waf1 mRNA levels
were not modulated by C6-ceramide treatment (data not
shown). The DNA damage response pathway can induce
upregulation of p21Cip1/Waf1 levels in a p53-dependent or a
p53-independent fashion.28 However, we did not observe
induction of double-strand breaks as determined by phos-
phorylated a-H2A.X (Ser319) staining evaluated by confocal
microscopy following C6-ceramide treatment of RD cells
(Figure 2b). Further, we did not see any modulation in the
expression levels of p14ARF ATM, p53, Chk1, Chk2 or the
degree of post-translational modification (ATM-phosphoryla-
tion, p53 phosphorylation) of RD cells exposed to C6-
ceramide. Modest, and delayed phosphorylation of Chk-1
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Figure 1 Continued
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and Chk-2, and loss of cyclin B1 expression were observed
at later time points (24 h) and at high concentrations of
C6-ceramide (X15 mM; Supplementary Figure 1). However,

these occurred after the upregulation of p21Cip1/Waf1 (Figure 2b),
which may have helped to maintain the cells in G2. Caffeine
pretreatment, which prevented the G2/M arrest observed
following IR (5Gy), did not inhibit C6-ceramide-induced G2

arrest (Figure 2c) or prevent the upregulation of p21Cip1/Waf1

levels (Figure 2d). Collectively, these data exclude
C6-ceramide-mediated G2 arrest as a result of DNA damage.
Application of exogenous acidic SMase (ASMase; from

human placenta) induced a transient elevation in endogenous
ceramide (Figure 3a) as described elsewhere,29 and was
associated with a time- and dose-dependent arrest of RD cells
in G2 as determined from DNA cell cycle analysis (Figure 3a),
BrdU incorporation (Figure 3b), phosphorylation of histone H3
(Figure 3c) and was associated with upregulation of p21
protein expression (Figure 3d). These observations were
specific for ASMase since exogenous application of phos-
pholipase C (PLC; from Bacillus cereus) or phospholipase D
(PLD; from Steptomyces sp) did not modulate the cell cycle
distribution of RD cells when used in the range 0–2U/ml (data
not shown). Together, these data confirm that the cellular
response of RMS cell lines to exposure of short-chain
synthetic ceramides equates to that achieved following
upregulation in endogenous ceramides. Inhibition of ASMase
or neutral SMase (NSMase) activity with imipramine or
spiroepoxide respectively, but not ceramide synthase with
fumonisin B1 (FB1), prevented the entry of cells into the G2/M
phase of the cell cycle (Figure 3e). These data indicate that
ceramide generation from sphingomyelinases is involved in
the basal regulation of cell cycle progression.
Hyperexpression of the anti-apoptotic protein Bcl-2 is

associated with loss of anti-tumorigenic efficacy of che-
motherapeutics.30 Consequently, we evaluated the effect of
Bcl-2 overexpression on ceramide-mediated G2 arrest. Over-
expression of Bcl-2 in RD cells inhibited the induction of
apoptosis induced at later time points by C6-ceramide at 48 h
as evident by the reduction in appearance of fragmented DNA
(Figure 4a) and the processing of PARP (Figure 4d). How-
ever, cells overexpressing Bcl-2 remained arrested in the G2

phase of the cell cycle (Figure 4b). Arrest in G2 of RD cells
overexpressing Bcl-2 was confirmed by BrdU incorporation
(Figure 4c). p21Cip1/Waf1 was enhanced in both RD-GFP and
RD-Bcl-2 cells similar to that observed in the parental cell line
at 24 h. Further, p21Cip1/Waf1 remained elevated in RD-Bcl-2
cells following 48 h C6-ceramide treatment compared to the
vehicle-treated RD-Bcl-2 cells and the vector control cells,
whose p21Cip1/Waf1 levels began to decline at this time point
(Figure 4d). These data demonstrate that by preventing
apoptosis, Bcl-2 expression permits RD cells to remain
arrested in G2 following ceramide accumulation.
Downregulation of p21Cip1/Waf1 expression in RD cells using

p21Cip1/Waf1 specific siRNA resulted in the inhibition of
C6-ceramide-mediated G2 arrest. RD cells transfected with
siRNAp21 resulted in a reduction of p21Cip1/Waf1 RNA expres-
sion by approximately 60% compared with RD cells treated
with siRNActrl (Figure 5a). Expression of p21Cip1/Waf1 RNA
was not affected by treatment with siRNACtrl when compared
to untreated cells (Figure 5a). The levels of other cell cycle
regulators (p27KIP1 or p53) were not modulated by treatment
with siRNACtrl or siRNAp21 (data not shown). Induction of
C6-ceramide-mediated G2 arrest and the ensuing apoptosis in
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Figure 2 Ceramide-induced p21Cip1/Waf1 accumulation independent of DNA
damage. The RMS cell line RD was exposed to N-hexanoylsphingosine (C6-
ceramide; 0–15 mM) for 0–24 h. Cells were harvested, lysed and whole protein
content was isolated before Western blot analysis for cyclin D1, p21Cip1/Waf1,
p27Kip1, Rb or b-actin (a). DNA damage was determined by immunostaining for
phosphorylated-histone H2A.X (Ser139; red) and was performed in RD cells treated
with C6-ceramide (0–15mM) or 5 Gy ionizing radiation (IR), both for 24 h. Nuclei
(blue) were stained with ToPro as described in Material and methods (b). RD cells
were pretreated for 2 h with 2 mM caffeine before C6-ceramide (15 mM) or 5 Gy IR.
Cells were harvested at 24 h post-treatment, and the percentage G2/M arrest was
determined by DNA cell cycle analysis (c). Expression of p21Cip1/Waf1 was evaluated
by Western blot analysis (d). Data are presented as the mean7S.E.M. of 3–5
independent experiments. Western blots and immunofluorescent images are
representative of three independent experiments
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RD cells was inhibited by siRNAp21 in RD cells when
compared with siRNActrl-treated cells (Figure 5b) and was
accompanied by the attenuated induction of p21Cip1/Waf1

protein expression (Figure 5c). The requirement for
p21Cip1/Waf1 in ceramide-mediated G2 arrest and apoptosis was
confirmed in HCT116 colon cancer cell lines wild type or null for
p21Cip1/Waf1. Ceramide-induced G2-arrest and the ensuing
apoptosis was inhibited in HCT116 p21Cip1/Waf1 deficient cells
when compared to the parental cell line (Figure 5d).
Expression of p21Cip1/Waf1 is regulated at the transcriptional

and post-translational level. Therefore, to evaluate the role of

transcription in ceramide-induced G2 arrest and p21Cip1/Waf1

stabilization, RD cells were pretreated with cyclohexamide
(CHX) to inhibit protein synthesis. Exposure to CHX (10 mg/ml)
prevented the upregulation of p21Cip1/Waf1 and the G2

arrest induced by C6-ceramide treatment (Figure 6a and b).
These data demonstrate that the induction of p21Cip1/Waf1

and the subsequent G2 cell cycle arrest was dependent upon
de novo protein synthesis. Turnover of p21Cip1/Waf1

can be negatively regulated by MDM2 by promoting its
proteasomal degradation.12,15 Consequently, MDM2was over-
expressed in RD cells (Figure 7a), and the effects on
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Figure 3 Acid sphingomyelinase (ASMase) induces ceramide formation, p21Cip1/Waf1 accumulation and G2 arrest in RD cells. The RMS cell line RD was exposed to
ASMase (0–1.5 U/ml) for 0–24 h. The fold change in endogenous ceramide was determined by the DAGK assay as described in Materials and methods (a). The effect on the
DNA cell cycle (a), BrdU incorporation (b) and M-phase (c) were determined as in Figure 1. In addition , cells were lysed, proteins were extracted and the expression of p21Cip1/

Waf1 was determined by Western blot analysis compared to b-actin as a loading control (d). The effect of the ASMase inhibitor imipramine (Imip; 25 mM), the NSMase inhibitor
spiroexpoxide (Spx; 3 mM) or the ceramide synthase inhibitor FB1 (100 mM) on the cell cycle distribution was determined (e). Data are presented as the mean7S.E.M. of 3–5
independent experiments. Western blots are representative of three independent experiments
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ceramide-induced G2 arrest by DNA cell cycle analysis
and BrdU incorporation evaluated. MDM2 overexpression in
RD cells significantly reduced C6-ceramide-mediated cell
cycle arrest (Figure 7a and b), prevented the C6-ceramide-
induced upregulation of p21Cip1/Waf1 levels compared to the
vector control RD cells (RD-neo; Figure 7c) and inhibited
the late (48 h) induction of apoptosis (Figure 7d). Pretreatment
of RD cells with the proteosome inhibitor MG132 stabilized
p21Cip1/Waf1 and promoted C6-ceramide-/SMase-induced
p21Cip1/Waf1 protein expression and G2/M arrest (Supplemen-
tary Figure 2). Furthermore, a low concentration of MG132
(0.1 mM) partially reversed the loss of C6-ceramide-induced
G2/M arrest mediated by MDM2 overexpression (Figure 8a)
and promoted the induction of p21Cip1/Waf1 protein expression
(Figure 8b). Higher concentrations of MG132 (0.5 mM)
while not affecting the cell cycle distribution of RD cells

overexpressing MDM2, induced a significant G2/M arrest in
the vector control cells. Higher concentrations of MG132
further exacerbated the extent of G2/M arrest observed in
RD-MDM2 cells mediated by C6-ceramide (data not
shown). Silencing of MDM2 using siRNA specific to MDM2
(siRNAMDM2; Figure 8c) reversed the inhibition of G2 arrest
afforded by MDM2 overexpression in RD cells (Figure 8d).
MDM2 protein levels were reduced to approximately 10%
that of control treated siRNActrl RD-MDM2 cells. MDM2
protein expression was not significantly modulated by
siRNActrl (Figure 8c). Silencing of MDM2 by siRNAMDM2

potentiated the degree of G2/M arrest mediated by
C6-ceramide thereby restoring the degree of G2 arrest and
p21Cip1/Waf1 accumulation to that observed in the vector
control and parental cell line (Figure 8d). Collectively,
these data demonstrate that ceramide-mediated p21Cip1/Waf1
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induction and G2 arrest is regulated at both the transcriptional
and post-translational level.

Discussion

The diverse range of cellular responses elicited by an
intracellular accumulation in the sphingolipid second mes-
senger ceramide3–5,7,8 are underscored by tissue specificity.
It has been reported that treatment strategies utilized in the
treatment of RMS (IR and chemotherapy)27 require the
generation of ceramide for apoptosis to be initialized as
part of their tumoricidal action.1 However, the effects of
ceramide accumulation in RMS are unresolved. The data
presented here describe an essential role for the stabilization
of p21Cip1/Waf1 expression in the induction of ceramide-
mediated G2-arrest and the ensuing apoptosis in RMS cell
lines. Furthermore, ceramide-induced G2-arrest is indepen-
dent of DNA damage despite the rapid induction of
p21Cip1/Waf1. MDM2 overexpression, which has been de-
scribed to bind and promote p21Cip1/Waf1 degradation by
the proteasome,12,14,15 prevented p21Cip1/Waf1 accumulation,
G2 arrest and the ensuing late apoptosis. Prevention of
p21Cip1/Waf1 induction with CHX or siRNAp21, or in cells
deficient in p21Cip1/Waf1 inhibited ceramide-induced G2-arrest
and the ensuing induction of apoptosis. Further, inhibition of

proteasome activity with MG132 or ‘knock-down’ of MDM2
with siRNA reversed the inhibition of ceramide-mediated
G2-arrest afforded by MDM2 overexpression. Therefore,
ceramide-mediated p21Cip1/Waf1 stabilization and G2 arrest
are regulated at both the transcriptional and post-translational
level. Utilizing RD cells overexpressing the anti-apoptotic
protein Bcl-2, we demonstrate that G2 arrest could be
maintained for extended periods in the absence of apoptosis.
These data indicate that apoptosis occurs either as a
consequence of ceramide-mediated G2-arrest or that these
two cellular responses are independent of one another.
Collectively, these data describe a novel role for ceramide in
mediating cell cycle control in addition to that of apoptosis and
also highlights a potential mechanism of preventing ceramide-
mediated cellular responses in tissues where MDM2 is highly
expressed.
The effect of ceramide on the cell cycle and p21Cip1/Waf1

induction were immediate, occurring 2 h post-stimulation and
resulting in the arrest of cells in G2 phase, followed by the late
induction of apoptosis. A preferential role for ceramide
accumulation as a modulator of cell cycle progression in
RMS is compounded by our observation that inhibition of
basal ASMase or NSMase activity pharmacologically reduced
entry of cells into the G2/M phase of the cell cycle. Ceramide-
mediated induction of p21Cip1/Waf1 has been described by
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others leading to G0/G1 arrest in W138 fibroblasts,4 and
apoptosis in human hepatocarcinoma cells31,32 and human
Hs27 diploid fibroblasts.33 Here we show that prevention of
p21Cip1/Waf1 accumulation through gene silencing with siRNA
directed against p21Cip1/Waf1, in cells deficient in p21Cip1/Waf1,
inhibition of protein synthesis, or enhanced proteasomal
degradation by the ectopic expression of MDM2, inhibited,
ceramide-induced G2-arrest. Conversely, inhibition of protea-
somal activity with MG132 enhanced ceramide-induced
p21Cip1/Waf1 accumulation and G2 arrest. Overall, these data
demonstrate a prerequisite for the stabilization of p21Cip1/Waf1

levels for the efficient induction of ceramide-mediated G2

arrest that requires new protein synthesis and is regulated
by proteasome activity. However, complete inhibition of
ceramide-induced G2-arrest by siRNA directed against
p21Cip1/Waf1 was not achieved and may be due to an inability
to completely prevent p21Cip1/Waf1 accumulation. Additionally,
it is also likely that G2 arrest, or the transition to M-phase are
controlled by numerous p53-dependent or independent
mechanisms. Thus, the induction of many other genes that
are associated with cell cycle progression may also contribute
to theG2 arrest phenotype observed here in RD cells following
ceramide accumulation. Such candidates include GADD45
and 14–3–3s.34 Hyperphosphorylation of p21Cip1/Waf1 repre-
sented by the impaired migration of p21Cip1/Waf1 upon
Western blot analysis, has been shown to be indicative of
G2/M arrest.35 However, we did not observe this effect when
using the same mouse monoclonal antibody described in the
aforementioned study35 (data not shown), or the rabbit
polyclonal antibody described herein. Additional studies are

required to enhance our understanding of the mechanism of
ceramide-induced p21Cip1/Waf1 accumulation and further, how
p21Cip1/Waf1 expression and the G2 arrest phenotype are
maintained.
In contrast to the majority of studies that focus upon the

ability of ceramide to modulate cell cycle progres-
sion,36,9,4,37,38 we observed a distinct lack of G0/G1 arrest.
Ceramide-mediated dephosphorylation of Rb36,9 is postulated
to result from loss of CDK2 activity due to its inhibition by
p21Cip1/Waf1.4 That said, in support of our observations, a
partial ceramide-mediated G2/M arrest albeit in the presence
of a substantial G0/G1 arrest was reported in W138 human
diploid fibroblasts4 and NIH-3T3 cells.39 The observed
upregulation in p21Cip1/Waf1 expression described here in
the absence of Rb dephosphorylation or the stabilization of
p27Kip1, which has also been associated with ceramide-
mediated G0/G1-arrest,

38 may in part account for the selective
arrest of RD cells in the G2 phase of the cell cycle rather than
G0/G1. Collectively, these data imply that the ceramide-
mediated modulation of cell cycle progression is cell type
specific, and is further dictated to by the basal activity and
expression of other cell cycle regulators.
Blocking damaged cells in G2 provides time for DNA repair

or the opportunity to permanently arrest cells in G2 when
damage is severe.34 Caffeine is capable of abrogating cell
cycle check points, thereby releasing cells from DNA-
damaged evoked G2-arrest.

40 Although caffeine reversed
IR-induced G2/M arrest in RD cells, it did not prevent
ceramide-mediated G2-arrest. Given the lack of phosphoryla-
tion of components of the DNA damage pathway (ATM, Chk1
and Chk2; Supplementary Figure 1) and no evidence of
double-strand breaks (a-Histone H2A.X phosphorylation,
Ser319), our data precludes ceramide-induced G2-arrest
and stabilization of p21Cip1/Waf1 protein expression to be a
result of DNA damage.
Overexpression of the anti-apoptotic protein Bcl-2 is

associated with loss of chemotherapeutic efficacy30 and has
been described by others to prevent ceramide-induced
apoptosis.31 Similarly, we observed overexpression of Bcl-2
in RD cells to abrogate the late induction of apoptosis, but
importantly, the G2 arrest response and stabilization of
p21Cip1/Waf1 levels were sustained for extended periods
following ceramide exposure. These data suggest that
maintenance of G2 arrest in the absence of apoptosis
prevents mitosis and consequently attenuates oncogenic
proliferation.
There are numerous reports of p53-independent regulation

of p21 that can occur at both the transcriptional and post-
transcriptional level.12,31,41 Although p21Cip1/Waf1-ubiquitin
conjugates are detected in cells, and p21Cip1/Waf1 is stabilized
following proteasome inhibition, recent reports have also
suggested p21Cip1/Waf1 to be degraded via a proteasome-
dependent but ubiquitin-independent mechanism.12,14,15

MDM2 is overexpressed in a population of RMS tumors and
cell lines20,21 and has been shown to promote p21Cip1/Waf1

degradation in a p53-independent fashion by the protea-
some.12,15 Our data extend these observations by
demonstrating that MDM2 expression in RD cells inhibits
ceramide-mediated G2/M arrest, p21Cip1/Waf1 accumulation
and the ensuing late apoptosis. Further, data obtained from
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BrdU pulse–chase assays suggest that cells overexpressing
MDM2 continue to cycle when compared to the vector control
cells or the parental cell line. These cellular effects afforded to
by MDM2 overexpression were reversed by silencing of
MDM2 expression or by inhibition of proteasome activity
therefore promoting p21Cip1/Waf1 accumulation. In addition,
our observation that promoting p21Cip1/Waf1 degradation
through MDM2 overexpression12,15 in RD cells inhibits late
apoptosis induction is also supportive of previous studies
describing p21Cip1/Waf1 to be required for ceramide-induced
apoptosis.31–33 Therefore, post-transcriptional repression of
p21Cip1/Waf1 by, for example, elevated levels of MDM2 or
enhanced proteasomal activity, will have an oncogenic effect
rather than the anticancer effect that is postulated to result
from data describing p21Cip1/Waf1 to act as an inhibitor of
apoptosis.42 Collectively, our data support the hypothesis that
ceramide-mediated apoptosis occurs as a consequence of
ceramide-mediated G2 arrest. However, at this point we

cannot eliminate the notion that these two cellular responses
resulting from ceramide accumulation occur independently of
one another.
The data presented herein further compound the pleiotropic

nature of elevations in cellular ceramide in dictating a diverse
series of biochemical pathways and cellular responses. We
have presented data describing ceramide to induce a G2-
arrest phenotype requiring the stabilization of p21Cip1/Waf1

protein expression independent of DNA damage. Further, we
describe for the first time a role for MDM2 in abrogating
ceramide-induced growth arrest and the later ensuing
apoptosis. Consequently, we have identified a vital role for
proteasomal activity in regulating the G2 checkpoint and
apoptotic response through the regulation of p21Cip1/Waf1

protein levels. Collectively, by influencing the expression of
the CDKI p21Cip1/Waf1, our data support the notion that
ceramide accumulation can regulate cell cycle progression
in addition to apoptosis.
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Materials and Methods
Materials. N-hexanoylsphingosine (C6-ceramide), D-erythro-N-hexanoyldihydro-
sphingosine (C6-dihydroceramide) and FB1 were obtained from Biomol (Plymouth
meeting, PA, USA; Aurora, OH, USA). MG132, nocodazole and CHX were from
EMD Biosciences (San Diego, CA, USA). Spiroexpoxide was from Axxora Life
Sciences Inc. (San Diego, CA, USA). Unless stated, all other reagents were
obtained from Sigma (St. Louis, MO, USA).

Cell culture and treatment. The RMS cell line RD was obtained from ATCC
and Rh30 was produced by St. Jude Children’s Research Hospital and has been
described previously.43 HCT116 wt and HCT116 p21Cip1/Waf1–/– cells were provided
by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA). Cell lines
were cultured in RPMI-1640 medium containing 10% characterized FBS (Gibco/
Invitrogen Corporation, Carlsbad, CA, USA) and 10 mM L-glutamine. For apoptosis
assays, cells were plated at a density of 250 000 cells/well in 12-well plates, 500 000
cells/well in 6-well dishes for BrdU incorporation or M-phase analysis, and for protein
extraction assays, 3� 106/10 cm2 Petri dish. Ceramides were dissolved in
anhydrous DMSO to a stock solution of 50 mM. Subsequent dilutions were made
in 1 mM fatty acid-free BSA in PBS. After overnight attachment, cells were treated
for upto 48 h with either vehicle alone, C6-ceramide, acidic sphingomyleinase
(ASMase; from human placenta; Sigma) or dihydro-C6-ceramide. Where indicated,
cells were pretreated for 120 min with MG132 (100 nM) or CHX (10 mM).

Generation of RD cells overexpressing Bcl-2 and MDM2. The
retroviral expression vectors pMSCV-I-GFP (expressing GFP), pMSCV-I-Bcl-2
(expressing GFP) were kind gifts from Dr. John Cleveland (St. Jude Children’s
Research Hospital). Retroviral supernatants were prepared as described previously
from HEK293T cells.44 RD cells were incubated overnight with viral supernatant in
the presence of polybrene (8mg/ml; Sigma). After 24 h, the supernatant was
discarded and RD cells incubated for a further 24 h with fresh viral supernatant.
Viral-transduced RD cells were then incubated at 371C in non-viral media for an
additional 48 h. The viral-transduced cells were sorted by expression of GFP using
fluorescence-activated cell sorting (MoFlo, Dako, Ft. Collins, CO, USA), and stable
GFP-positive cells selected. RD-MDM2 cells or RD-neo cells were generated by
stable transfection of pCMVneoMDM2 or pCMVneo-plasmids respectively. Cells
expressing MDM2 or the parental plasmid were selected using G418 (500mg/ml).
The expression of Bcl-2 and MDM2 were confirmed by Western blot. The effect of
transfection on RD cell growth was determined and plating density adjusted before
treatment as for other RMS cell lines.

DNA cell cycle analysis. Cells were detached in phosphate-buffered saline
(PBS)/2 mM EDTA, centrifuged at 1000 r.p.m. for 5 min, then gently resuspended in
250ml hypotonic fluorochrome solution (PBS, 50 mg propidium iodide, 0.1% sodium
citrate and 0.1% Triton X-100). The DNA content was analyzed by flow cytometry
(Becton Dickinson FACScalibur; San Diego, CA, USA). Twenty thousand events
were analyzed per sample and apoptosis was determined from the sub-G0/G1 DNA
content.3 The percentage of nuclei in the G0/G1 phase of the cell cycle was
quantified using ModFit LT 3.1 (Verity Software House, Topsham, ME, USA) and
the apoptotic fraction was excluded mathematically from the analysis.

M-phase analysis: immunofluorescent detection of
phosphorylated-histone H3 (Ser10). Cells were harvested following
C6-ceramide/ASMase/nocodazole exposure and fixed in 70% ethanol overnight at
�201C. Cells were then washed twice with ice cold PBS, resuspended in 0.25%
Triton X-100 in PBS and incubated at room temperature for 15 min. Cells were
washed twice with PBS, resuspended in 100ml 1% BSA in PBS containing 0.75 mg
of anti-phospho-histone H3 (Ser10; Upstate Biotechnology, Lake placid, NY, USA)
and incubated at room temperature for 3 h. Cells were pelleted, washed twice with
PBS containing 1% BSA and then incubated for a further 30 min in the dark at room
temperature with FITC-conjugated goat anti-rabbit IgG secondary antibody
(Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA.) diluted at
a ratio of 1 : 30 with PBS containing 1% BSA. Cells were washed and resuspended
in PBS containing 1% BSA and 50mg/ml propidium iodide. Samples were then
analyzed for phosphorylated histone H3 and PI fluorescence by flow cytometry.

BrdU labeling and staining. Cells were pulse labeled with 10mM 5-bromo-
20-deoxy-uridine (BrdU) for 30 min at 371C under aseptic conditions. Cells were
washed twice with media to remove free BrdU and then treated with C6-ceramide/
ASMase. Cells were harvested at various time points. BrdU incorporation and DNA

content were determined using the ‘APC BrdU Flow Kit’ according to the
manufacturers instructions (Becton Dickinson) by flow cytometry (Becton Dickinson
FACScalibur).

Detection of double-strand breaks (DSB): immunofluorescent
detection of phosphorylated-Histone H2A.X. (Ser139). Cells were
treated with C6-ceramide for 24 h and adherent cells washed in PBS and fixed for
10 min with PBS and 3% paraformaldehyde on ice. Cells were permeabilized for
30 min with PBS, 0.02% Triton X-100, washed three times with PBS, blocked 30 min
with PBS, 3% BSA and then incubated with anti-phospho-histone H2A.X (Ser139,
clone JBW01 Upstate Biotechnology, Lake placid, NY, USA) diluted 1 : 100 (v/v) at
room temperature for 1 h with rotation. After three washes, cells were incubated with
the Alexa Fluort 594-conjugated goat anti-mouse antibody (Molecular Probes,
Eugene, USA) at 1 : 200 (v/v) dilution for 1 h at room temperature with rotation and
subsequently washed three further times with PBS. Nuclei were stained with
TO-PRO 3 (Molecular Probes) and sealed using mounting medium (Sigma, St.
Louis, MO, USA). Images were obtained using a Leica TCS SP confocal
microscope (Leica Microsystems Inc., Germany). The resulting data did not receive
manipulation by computer imaging software.

Western blotting. After treatment, cells were detached in PBS/2 mM EDTA,
centrifuged at 1,000 r.p.m. for 5 min, and lysed in 50 ml of ice-cold RIPA buffer
supplemented with protease and phosphatase inhibitors. Protein concentrations
were determined by the BioRad protein assay (BioRad, Hercules, CA, USA)
according to the manufacturers’ instructions; 50 mg of protein was electrophoresed
by SDS-PAGE (BioRad, Hercules, CA, USA). Separated proteins were transferred
to PVDF membranes (Millipore, Bedford, MA, USA). Blots were probed with anti-
p21Cip1/Waf1 (clone C19), p27Kip1 (clone F-8) and MDM2 (clone N-20; all Santa Cruz
Biotechnology, La Jolla, CA, USA), anti-PARP (C2-10), anti-Bcl-2 (clone 7; both BD
Transduction Laboratories, San Diego, CA, USA), anti-Retinoblastoma (Rb; detects
dephosphorylated and phosphorylated forms of Rb; clone G3-245; BD Pharmingen)
or b-actin (Abcam, Cambridge, UK) followed by HRP-conjugated antibodies
(KPL Inc., Gaithersburg, MD, USA). The ECL chemiluminescence system (Pierce
Biotechnology Inc., Rockford, IL, USA) followed by exposure to CL-Xposure films
(Kodak, Rochester, NY, USA) was used to visualize proteins.

RNA isolation and reverse transcription polymerase chain
reaction (RT-PCR) analysis. RNA was isolated from RD cells using Trizol
(Invitrogen Corporation, Carlsbad, CA, USA) and reverse transcribed using the
Advantages RT-for-PCR Kit (Clontech, Mountain View, CA, USA), according to
the manufacturer’s instructions. cDNA was amplified using standard PCR
conditions. Briefly, amplifications were performed in 50 ml reactions comprising
approximately 50 ng DNA, 10� PCR buffer, 5�Q-solution, 1.5 mM MgCl2, 0.5mM
of each primer, 2.5 U Taq DNA polymerase (Qiagen, Valencia, CA, USA), 0.1 mM
dNTPs and nuclease free water (Promega, Madison WI, USA). Primer sequences
were as follows: 50-TGTCAAACGTGCGAGTGTCTAACGG-30 sense and 50-
AAGATCAGCCGGCGTTTGGA-30 antisense for p21Cip1/Waf1 (Accession number
NM-/000389), 50-TGTCAAACGTGCCAGTGTCTAACGG-30 sense and 50-
TTTGACGTCTTCTGAGGCCAGGCTT-30 antisense for p27KIP1 (Accession
number NM-/004064), 50-ACGTGGTGGATCTGTGCAAAGAACC-30 sense and
50-TGCAGACTGATTGTCATGGTGGCTG-30 antisense for p53 (Accession number
NM-/000546), 50-CAGCTCCTGTGCTGCGAAGTGGAA-30 sense and 50-
CAGGCTTGACTCCAGCAGGGCTTC-30 antisense for Cyclin D1 (Accession
number 053056). Primers were designed using Vector NTI Advance 9 software
(Invitrogen, Carlsbad, CA, USA). All primers were synthesized by the Hartwell
Center (St. Jude Children’s Research Hospital). PCR reactions were amplified using
a MJ PTC-100t Programmable Thermal Controller (Bio-Rad, Hercules, CA, USA)
using the following cycling protocol, where X represents the annealing temperature:
941C for 2 min, X1C for 45 s, 721C for 2 min (first cycle), 941C for 45 s and 721C for
2 min for 30 cycles. The final cycle was modified to allow a 10 min extension at 721C
annealing temperatures were as follows: 541C for p21Cip1/Waf1 581C for p27KIP1

571C for p53 and 591C for Cyclin D1. In all, 40% of each PCR product was
electrophoresed along with 500 ng of 100 bp ladder (Promega, Madison, WI, USA)
on a 1% agarose gel at 100 V for 45 min to confirm product purity and correct size.
Cycle sequencing reactions were performed using the ABI Prism Big Dyet
Terminator Sequencing kit version 3.0 (Applied Biosystems, Forest City, CA, USA)
at the Hartwell Center (St. Jude Children’s Research Hospital). Sequences were
analyzed using the pairwise BLAST alignment method (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov).
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Small interfering RNA system and transfection. Small interfering
RNAs were synthesized by Dharmacon Research Inc. (Lafayette, CO, USA). The
siRNA consisted of a mixture of four siRNA duplexes targeting four different regions
of the p21Cip1/Waf1 mRNA (siGENOME SMARTpool p21, M-003308-00; siRNAp21)
or MDM2 mRNA (siGENOME SMARTpool MDM2, L-003279-00; siRNAMDM2). A
pool of four non-targeting siRNA duplexes was used as a negative control
(siCONTROL non-targeting siRNA pool, D-001206-13; siRNActrl). Transfection of
cells with siRNA duplexes was performed using Lipofectamine 2000 (Invitrogen
Corporation). To determine the optimum conditions for MDM2 or p21Cip1/Waf1

downregulation, cells were transfected with 0, 25, 50 and 100 nM of siRNActrl,
siRNAMDM2, siRNAp21 for 0, 24, 48 or 72 h as recommended by Dharmacon. The
downregulation of MDM2 or p21Cip1/Waf1 was determined by Western blot or
RT-PCR respectively. Subsequently, cells were transfected with 100 nM of
siRNActrl, siRNAMDM2 or siRNAp21 for 48 h and following a change of media,
treated for a further 24 h with the aforementioned agents.

Quantification of endogenous ceramide content. RD cells were
treated with exogenous human ASMase for the indicated times, lipids were
extracted and the endogenous levels of ceramide were determined by the
diacylglycerol kinase (DAGK) assay as described elsewhere.3

Statistical analysis. Data are represented as the mean7S.E.M. In all cases,
n refers to the number of independent experiments. Statistical analyses were
performed by the Student’s t-test and analysis of variance (ANOVA), where
Po0.05 was considered significant.
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