
Abstract. Ceramide signaling plays an important role in
tumor progression and development of chemoresistance,
and ceramide-based therapies are proposed as potential
therapeutic tools for the treatment of breast cancer. We
investigated the effect of exogenous ceramide on the cell
cycle progression of MCF-7 breast cancer cells. Ceramide
induced a selective arrest of MCF-7 cells in the G1-phase,
which was associated with a decreased expression of cyclins
D and E and increased expression of p53 and p21. Interestingly,
inhibition of p53 using pifithrin · or RNAi sensitized MCF-7
cells to ceramide-induced cell death. DNA content analysis
suggested that sensitization of cells was due to an increased
induction of apoptosis in MCF-7 cells. The increased sensitivity
to ceramide, in the context of p53 inhibition, may be due to
decreased expression of p21, as siRNA targeted to p21 also
sensitized MCF-7 cells to ceramide-induced death. These
data demonstrate that in tumors with inactivating mutations
of p53, ceramide-based therapies might provide a novel and
effective treatment option.

Introduction

While known to be a constituent of cell membranes for years,
ceramide was first identified in 1988 by Kolesnick et al as a
lipid signaling intermediate, similar to diacylglycerol (1). It
has since been demonstrated that generation of ceramide is
a common cellular response following exposure to a diverse
array of growth-suppressive agents, including most clinically
used chemotherapeutic drugs (2-5). Following drug exposure,

the treatment-induced rise in ceramide is critical for response
to the therapeutic agent, and pharmacologic manipulation of
ceramide production or accumulation can alter the response
to therapy (6,7). In addition, in certain cell types, treatment
with exogenous ceramide can cause cell death at concentrations
similar to that produced by cells in response to cytotoxic
agents (8).

Consistent with the principle that elevated intracellular
ceramide contributes to tumor cell death during therapy,
aberrant or decreased ceramide signaling has been implicated
in contributing to resistance to cancer therapy. Many radiation-
resistant cell lines and isolated tumor specimens do not
produce ceramide following irradiation (9-11) and a number
of multidrug- and TNF·-resistant cancer cell lines do not
generate, or accumulate, ceramide in response to chemo-
therapy (6,12-15). These data suggest that clinical manipulation
of ceramide levels within tumors represents an important
mechanism for decreasing both tumor survival and chemo-
therapeutic resistance mechanisms, and makes increasing
ceramide signaling an attractive target for drug development.

p53 is a transcription factor that mediates cell cycle arrest
and apoptosis, as well as DNA damage recognition and DNA
repair, and inactivating mutations of p53 can contribute to the
unregulated cell growth that frequently occurs in cancers. p53
accumulation commonly occurs following DNA damage, but
has been demonstrated to occur following exposure to hypoxia
as well as agents that cause inhibition of transcription or RNA
metabolism (16). p53-mediated cell cycle arrest is associated
with activation of p21Waf/Cip1 gene expression (17,18), which
leads to inhibition of cyclin E/CDK2 activity and inhibition of
damaged cells at the G1-S checkpoint. p53 has been proposed
as a determinant of drug sensitivity since mutations in p53
function have been correlated with a decreased response to
chemotherapy and irradiation through a diminished capacity
to undergo apoptosis in response to DNA damage following
treatment (19,20). However, others have demonstrated that
the presence of wild-type p53 does not consistently predict
the final response of tumors in vivo (21), and in some cases
it appears that inactivation of p53 may sensitize cells to
chemotherapeutic agents as the ability to induce growth
arrest and subsequent DNA repair is lost (22-25).

Here we investigate the ability of exogenous ceramide
to inhibit MCF-7 cell proliferation, and the role of p53 in
mediating the ceramide-induced cellular response. We find
that exogenous ceramide treatment prevents the progression
of cells from the G0/G1-phase of the cell cycle and increases the
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expression of both p53 and p21. We propose that upregulation
of p53 modulates the ability of ceramide to induce cell death,
since in the context of p53 inhibition, breast cancer cells were
sensitized to ceramide treatment. DNA analysis revealed that
inhibition of p53 transcription and the resulting p21 expression
decreased the population of cells arrested in the G1-phase,
with a concomitant increase in the apoptotic cell fraction.
These data may have important clinical implications since
many breast cancer tumors are reported to contain inactivating
mutations of p53.

Materials and methods

Cell culture. MCF-7 cells were grown in Dulbecco's modified
Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal calf serum (FCS), 1% BME amino
acids, MEM amino acids, sodium pyruvate, and penicillin-
streptomycin (all from Life Technologies, Gaithersburg, MD).
Cells were maintained in 75 cm2 tissue culture flasks (Sarstdt,
Newton, NC) in 37˚C in a humidified atmosphere of 5% CO2

and 95% air. 

Reagents. D-erythro-C8-Ceramide (Cer), C8-dihydroceramide
(DH-Cer), and pifithrin · (PTH) were purchased from Biomol
(Plymouth Meeting, PA). Anti-p53 antibody was purchased
from Upstate (Waltham, MA). Anti-cyclin D1 (1:500 dilution),
cyclin E1 (1:500 dilution), cyclin A1 (1:500 dilution), and p21
(1:500 dilution) were all purchased from Santa Cruz (Santa
Cruz, CA). The actin antibody (1:1000 dilution), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
RNase A, propidium iodide (PI), and dimethylformamide
were purchased from Sigma (St. Louis, MO).

MTT viability assay. Viability of MCF-7 cells was determined
as previously described (15). Briefly, MCF-7 cells were seeded
in 96-well plates in phenol-free DMEM and allowed to
adhere overnight. Cells were treated with the indicated agents
for 24 h. Following incubation time, 25 μl MTT (5 mg/ml)
was added for 4 h, the cells were lysed with 20% SDS in
50% dimethylformamide, and absorbances were read on an
ELx808 Microtek plate reader (Winooski, VT) at 550 nm,
with a reference wavelength of 630 nm. For siRNA studies,
cells were plated as above and the following day the cells were
transfected with either p21 siRNA or non-targeting, scrambled
(control) siRNA (both from Santa Cruz) using Lipofectamine
2000™ (Invitrogen) at a siRNA: Lipofectamine 2000 at a ratio
of 1:2 (vol/vol). MCF-7 cells were transfected with siRNA for
30 h before treatment in order to ensure inhibition of target
protein expression. For p53 siRNA viability studies, cells
were plated as above and the following day the cells were
transfected with either pSUPER empty vector or pSUPER
expressing a short hairpin RNA sequence targeting the p53
gene (shRNA p53) (Oligoengine, Seattle, WA) using Lipo-
fectamine 2000 transfection reagent (Invitrogen) at a siRNA:
Lipofectamine 2000 at a ratio of 1:2 (μg/μl). MCF-7 cells
were incubated with double-stranded siRNA or vector-
siRNA for 30 h before treatment in order to ensure sufficient
inhibition of target protein expression using FuGENE 6'
(Roche, Indianapolis, IN) in a ratio of 1:3 (wt:vol). MCF-7
cells were incubated for 24 h before treatment to ensure

expression of construct. Cells were then treated as described
above.

Western blot analysis. Analysis of protein expression was
assessed as previously described (15). Briefly, 50 μg of cell
lysate was run on 12-15% SDS-PAGE gels, transferred to a
nitrocellulose membrane (Bio-Rad, Hercules, CA), which
was blocked with PBS-Tween (0.05%)-5% low-fat dry milk
solution. The membranes were subsequently probed for the
protein of interest by incubating them with the appropriate
primary antibody at 4˚C overnight. The blots were then
washed with PBS-Tween (0.05%) solution and incubated
with the appropriate secondary antibodies conjugated to horse-
radish peroxidase (1:10,000 dilution; Kirkegaard and Perry,
Gaithersburg, MD). Immunoreactive proteins were detected
using the ECL chemiluminescence system (Amersham,
Arlington Heights, IL) and recorded by fluorography on
Hyperfilm (Amersham), according to the manufacturer's
instructions. Densitometry was performed using Quantity
One 4.0 software (Bio-Rad) with all samples normalized to
ß-actin and all changes calculated as the fold-change over
control.

Cell cycle analysis. Cells were plated at 7.5x106 cells per
100 mm2 dish in 10% DMEM. The following day, the
medium was changed to serum-free DMEM for 24 h in order
to synchronize the cells in G0/G1-phase. Following serum-
starvation, medium was replaced with 5% DMEM and treated
as indicated. Cells were detached using 0.5% EDTA-PBS,
pelleted, resuspended in 0.5% glucose-PBS with a 22-gauge
needle. The samples were then fixed in 70% ethanol. The
following day, samples were centrifuged, washed and RNase A
and PI were added to the samples, for 45 min at 37˚C. DNA
content was analyzed with a Becton-Dickinson FACStar flow
cytometer measuring fluorescence emission at 638 nm for PI.
The percentage of cells in each population of the cell cycle
was determined using ModFit LT modeling software (Verity
Software, Topsham, ME).

Semi-quantitative polymerase chain reaction. Total cellular
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA) or RNeasy Kit (Qiagen, Valencia, CA). Results from
cDNA generated from RNA isolated from either TRIzol or
RNeasy Kit did not differ. First-strand cDNA was synthesized
from total RNA with Superscript II (Life Technologies,
Rockville, MD, USA). Amplification reactions were performed
using Platinum® PCR Supermix (Invitrogen). The primer
sequences used for p53 (26), p21Waf1/Cip (26), and HPRT (27)
were previously described. Amplification was performed
using a GeneAmp PCR System 9700 (PE Applied Biosystems,
Foster City, CA) consisting of a 5-min denaturing step at
94˚C; followed by 30 cycles of 45 sec at 94˚C; 45 sec at
either 50˚C (p53) or 50˚C (p21) or 50˚C (HPRT), and 1 min
at 72˚C; followed by a final extension of 7 min at 72˚C. PCR
products were separated by 2% agarose gel electrophoresis
and were visualized with UV light with ethidium bromide
staining. All samples were normalized to the PCR signal
obtained for the housekeeping gene, HPRT (hypoxanthine
phosphoribosyl transferase). Densitometry was performed
using Quantity One 4.0 software with all samples normalized
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Figure 1. Exogenous ceramide induces a selective G0/G1-phase arrest followed
by apoptosis. MCF-7 cells were plated at 1.5x106 cells per 75 cm2 and allowed
to adhere overnight. The following day, culture medium was replaced with
serum-free media for 24 h (A). The medium was then replaced with 10%
DMEM with either vehicle (ethanol) or 30 μM Cer for 18-36 h (B). The
cells were harvested, fixed in 70% ethanol, stained with PI, and analyzed
with FACS to determine DNA content. The percentage of cells in the
apoptotic, sub-G1 (blue shaded region), G0/G1 (leftmost red region), S (hatched
shaded region) or G2/M (rightmost shaded region) phase of the cell cycle
was determined using ModFit Pro Analysis software, and are the average
percentages from three separate experiments.
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to HPRT and all changes calculated as the percent change
over control.

Statistical analysis. The statistical significance between
treatment groups was determined using either one-way or
two-way ANOVA with Bonferroni's post-test using GraphPad
Prism 2.0.

Results

Cer treatment induces a cell cycle arrest in G0/G1, followed
by evidence of apoptosis. The cytotoxic effects of exogenous
ceramide in breast cancer cells are well-established, as we and
others have shown that treatment with exogenous ceramide
induces apoptosis in both chemosensitive and chemoresistant
breast cancer cells (5,15,28,29). While several reports have
documented the ability of ceramide to induce growth arrest in
various cell models (30-34), the cytostatic effects of exogenous
ceramide treatment in breast cancer are less well-defined.
In order to examine the anti-proliferative effects of ceramide
treatment in breast cancer, we investigated the effect of
exogenous ceramide on the cell cycle progression of MCF-7
cells using flow cytometric analysis of propidium iodide
stained cells. MCF-7 cells were first cultured in serum-free
media for 24 h prior to Cer treatment in order to synchronize
cells in the G0/G1-phase (Fig. 1A). Following synchronization,
the medium was replaced with media containing 10% serum
with either vehicle (ethanol) or 30 μM Cer for 18-36 h. After
18 h of ceramide treatment, the percentage of cells in the
G0/G1-phase was 2.5-fold higher in the ceramide-treated cells
(from 28.1% to 71.2% for vehicle- and ceramide-treated,
respectively), with a 1.8-fold and 6-fold decrease in the
percentage of cells in the S-phase and G2/M-phases (vehicle
as compared to ceramide-treated) (Fig. 1B). Treatment of
MCF-7 cells with DH-Cer, the commonly used negative
control for Cer treatment, elicited a small increase in the
population of cells in the G0/G1-phase at 18 h, but this increase
was not significant (data not shown). The cell cycle profile of
ceramide-treated MCF-7 cells after 24 h was comparable
to that seen at 18 h (Fig. 1B), with a higher percentage of
ceramide-treated cells remaining in the G0/G1 phase as
compared to vehicle-treated control cell (62.5±3% as compared
with 44.9±5% in ceramide- or vehicle-treated samples,
respectively). After 30 h of ceramide treatment, the G0/G1

population was smaller as compared to the previous time
points, as cells in G0/G1 population appeared to be lost to a
growing percentage of cells in the apoptotic fraction. This
trend was more marked at 36 h of ceramide treatment where
the percentage of cells in the G0/G1-phase fell to 44.1%,
while the apoptotic fraction rose to 24.4% (Fig. 1B). These
observations indicate that exogenous Cer treatment arrests
MCF-7 breast cancer cells at G0/G1, which is followed by
induction of apoptosis. 

Cer treatment decreases the expression of cyclins D and E. To
investigate the molecular events associated with Cer-induced
growth arrest, we examined the consequence of Cer treat-
ment on the expression of cell cycle regulatory proteins. We
hypothesized that Cer treatment altered the expression of cyclin

proteins since proper expression of the cyclins is required for
progression of cells through the different phases of the cell
cycle. We found that Cer treatment significantly decreased
the protein expression of cyclins D and E within 4 h of
treatment (90±11% and 82±12% decrease for cyclins D and
E respectively, p<0.01), and that the expression of cyclins
D and E remained suppressed for the duration of the treat-
ment time (Fig. 2). While Cer treatment also diminished the
expression of cyclin A (Fig. 2), the decrease in cyclin A
expression occurred later and was only significant at the
12-h time-point (47±14% decrease, p<0.05) (Fig. 2). Semi-
quantitative reverse transcriptase PCR (RT-PCR) analysis
demonstrated that Cer treatment decreased cyclin mRNA
expression similarly to the observed changes in protein
expression described above (data not shown) 

Cer treatment increases the expression of p53 and p21. The
tumor suppressor gene p53 is one of the key mediators of
cell cycle arrest following exposure to chemotherapeutic
agents and radiation, and is the most commonly implicated
mechanism of G1-phase arrest following drug exposure. To
examine whether Cer-induced growth arrest was associated
with changes in the p53 pathway, immunoblotting was used
to determine the effect of Cer treatment on the expression of
p53, and its downstream transcriptional target, p21Waf1/Kip1.
Cer (30 μM) induced a significant increase in p53 protein
expression within 2 h of treatment (221±23% increase),
which peaked at 12 h of Cer treatment (630±31% increase)
and remained elevated during the course of Cer treatment
(Fig. 3). Cer treatment also increased the expression of
p21Waf1/Kip within 1 h of treatment (378±26% increase), which
also peaked at 12 h of treatment (702±52%), and remained
elevated over the course of treatment (Fig. 3).

Semi-quantitative RT-PCR was used to determine if Cer
treatment altered the expression of p53 or p21 at the mRNA
level. We found that 30 μM Cer increased p53 mRNA levels
within 2 h of treatment and remained elevated over the course
of treatment, however, the increase in p53 mRNA was only
significant between 2 and 8 h (Fig. 4). Expression of p21
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Figure 2. Exogenous ceramide decreases cyclin expression. MCF-7 cells
were plated at 2x106 cells per 75 cm2 and allowed to adhere overnight. The
following day the cells were treated with 30 μM Cer, or 30 μM DH-Cer
for 24 h, for the indicated times and immunoblotting was used to probe for
protein expression of cyclins D, E, or A. ß-actin was used a loading control. 
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mRNA was significantly elevated within 1 h of Cer treatment
and remained elevated for the remainder of the treatment
time (Fig. 4). It should be noted that the observed increase in
p53 was modest with the maximal induction only 50±7%
higher than vehicle-treated control, while the induction in
p21 mRNA expression was much greater (maximal induction
731±48% over control). However, the observed increase in
protein expression during Cer treatment was comparable
between p53 and p21. This suggests that the increased
expression of p21 mRNA and protein is a direct result of
p53 transcriptional activation, while the increase in p53
protein likely results from increased stabilization.

Inhibition of p53 sensitizes MCF-7 cells to Cer-induced cell
death. Since Cer treatment induced time-dependent changes to

the cell cycle profile of MCF-7 cells, which was accompanied
by changes in the expression of p53, p21, and other cell cycle
regulators, we examined the role of p53 in mediating the anti-
proliferative effects of Cer. We originally hypothesized that
Cer-induced cell cycle arrest was dependent on up-regulation
of p53 and that inhibition of p53 would protect cells from
Cer-induced inhibition of proliferation and survival. We used
a small-molecule inhibitor of p53-mediated transcription,
pifithrin · (PTH·), to test this hypothesis (35,36). We pre-
treated MCF-7 cells with 10 μM PTH·, a concentration that
did not produce significant toxicity in MCF-7 cells, for 1 h
prior to addition of Cer. Unexpectedly, inhibition of p53
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Figure 3. Ceramide treatment increases the expression of p53 and p21. MCF-7
cells were plated at 2x106 cells per 75 cm2 and allowed to adhere overnight.
(A) MCF-7 cells were treated with 30 μM Cer for the indicated times, or
30 μM DH-Cer for 24 h. The cells were then harvested and immunoblotting
was used to determine the expression of p53 or p21. ß-actin was used a
loading control. Densitometric analysis of the relative changes in the
expression of p53 (B) and p21 (C) protein expression was determined with
Quantity One software as described in Materials and methods.

Figure 4. Ceramide treatment increases p53 and p21 mRNA expression.
(A) MCF-7 cells were treated with 30 μM Cer for the indicated times, or
30 μM DH-Cer for 24 h. The cells were then harvested and total cellular
RNA was isolated. Cellular cDNA was generated and used in PCR to probe
for p53. HPRT was used as a control. Densitometric analysis of p53 (B)
and p21 (C) mRNA expression was analyzed with Quantity One software as
described in Materials and methods.
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activity with PTH· enhanced the Cer-induced inhibition of
MCF-7 cell viability (76.8±3.1% decrease in viability as
compared to 50.2±4.4% decrease in viability with Cer
alone) (Fig. 5A). Immunoblot analysis of p21 expression
demonstrated that PTH pretreatment inhibited p53-mediated
transcription as pretreatment with PTH inhibited the Cer-
induced increase in p21 expression demonstrated previously
(Fig. 5B).

Transfection with p53 shRNA sensitizes MCF-7 cells to Cer-
induced cell death. To confirm that the enhanced decrease
in MCF-7 cell viability during p53 inhibition with PTH pre-
treatment was not a non-selective effect of PTH on other
signaling pathways, an expression plasmid for a short-hairpin
siRNA sequence directed against p53 (shRNA p53) was also
used to selectively inhibit p53 transcription. Similar to the
results found using the pharmacological inhibitor, transfection
of MCF-7 cells with shRNA p53 prior to Cer treatment
enhanced Cer-mediated inhibition of cell viability over
transfection with the pSUPER control plasmid (77.0±6 as
compared to 51.3±5 for shRNA p53+Cer and pSUPER+Cer,
respectively) (Fig. 6A). Immunoblotting verified that the
shRNA p53 construct inhibited the protein expression of p53.
Transfection of MCF-7 cells with the control pSUPER vector
led to a slight, but insignificant, increase in p53 expression and

did not affect the Cer-induced rise in p53, while transfection
with p53 shRNA inhibited both basal and Cer-induced p53
expression (Fig. 6B). 

Inhibition of p53 switches the cellular response to Cer treat-
ment from growth arrest to apoptosis. In order to explore the
mechanism behind the sensitization of MCF-7 cells to ceramide
treatment during inhibition of p53 activity, flow cytometry
was used to determine the consequence of PTH-mediated
inhibition of p53 transcription on the cell cycle profile of
Cer-treated cells. Interestingly, pretreatment with 10 μM
PTH prior to the addition of exogenous Cer reduced the
percentage of cells arrested in G0/G1-phase from 71.2±5.1%
to 53.0±3.3% (Fig. 7). The PTH-induced decrease in the
G0/G1-phase population during Cer treatment was accompanied
by a significant increase the percentage of cells found in the
sub-G1 or apoptotic fraction (from 4.7± 2.6% to 19.5± 3.5%,
p<0.05). These data suggest that inhibition of p53-mediated
transcription alters the response of MCF-7 cells to Cer treat-
ment from growth arrest to apoptosis. 

p21 siRNA also leads to enhanced MCF-7 cell death during
Cer treatment. To determine which downstream target of p53
might be involved in the enhancement of ceramide-induced
death following inhibition of p53, we investigated the effect
of inhibition of p21 expression, a well-defined effector of
p53-mediated growth arrest following exposure to a number
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Figure 5. Inhibition of p53 transcription enhances Cer-induced changes in
MCF-7 viability. (A) MCF-7 cells were either treated with the indicated
concentrations of Cer for 24 h, or pretreated with 10 μM PTH· for 1 h
followed by treatment with Cer for 24 h. Following incubation, cell viability
was estimated using an MTT viability assay. Data are presented as percent
viability of vehicle-treated control cells (*p<0.01 as compared to samples
without PTH·). (B) MCF-7 cells were treated with either vehicle (ethanol),
30 μM Cer, or 30 μM DH-Cer; or pretreated with 10 μM PTH· for 1 h
followed by 30 μM Cer or 30 μM DH-Cer for 8 h. The cells were then
harvested and immunoblotting was used to detect the cellular expression of
p21 or actin (loading control).

Figure 6. Transfection with p53 shRNA plasmid enhances Cer-induced
inhibition of MCF-7 viability. (A) MCF-7 cells were plated at 2.5x105 cells
per 96-well plate in phenol-free DMEM. The following day, the cells were
transfected with 50 ng/well pSUPER or pSUPER p53 shRNA for 30 h. The
cells were then treated with the indicated concentrations of Cer for 24 h. Data
are presented as percent viability as compared to vehicle-treated control cells.
Mean values ± SE of three different experiments in quadruplicate are reported
(*p<0.01 as determined by two-way ANOVA). (B) MCF-7 cells were
transfected with either pSUPER or pSUPER shRNA p53 for 30 h, followed
by treatment with 30 μM Cer for 8 h. The cells were then harvested and
immunoblotting was used to determine the expression of p53 or actin (loading
control). The picture shown is a representative of three separate
experiments.
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to agents, on Cer-induced cytotoxicity. While p21 is an
established mediator of both p53-dependent growth arrest
and apoptosis (37,38), however in some cases, p21 has
been demonstrated to protect cells from apoptosis through its
ability to induce growth arrest (39-42). siRNA targeted to p21
was used to knock-down p21 expression prior to exogenous

Cer treatment. Similar to the results with agents that inhibited
p53 transcription (Fig. 8A), inhibition of p21 expression led
to a significant increase in cell death following Cer treatment
(71.7±3.7% as compared to 44.4±6.2% for p21 siRNA and
control, non-targeted siRNA, respectively). Immunoblotting
again demonstrated that transfection with p21 siRNA decreases
the basal and Cer-induced expression of p21 (Fig. 8B). These
data suggest that the enhanced cell death during Cer treatment
following inhibition of p53 transcription may be due to a
diminution of p21 protein expression. 

Discussion

Significant progress has been made over the past decade
towards understanding the contribution of intracellular
ceramide signaling in tumor sensitivity to chemotherapeutic
agents, with induction of ceramide and ceramide signaling
essential to the effectiveness of many chemotherapeutic agents.
Defects in ceramide generation and metabolism have also
been implicated as a common mechanism of resistance to
many chemotherapeutic agents. Therefore, understanding the
downstream signaling mechanisms involved in ceramide's
anti-proliferative effects in tumors will help in designing more
effective chemotherapeutic treatment regimens that effectively
target ceramide signaling. Here we demonstrate that treatment
with exogenous ceramide prevents the progression of MCF-7
cells from the G0/G1-phase of the cell cycle. Prolonged arrest
of MCF-7 cells in the G0/G1-phase was followed by evidence
of apoptosis, as manifested by an increase in the population
of cells that were undergoing DNA degradation (population
of cells with sub-G1 DNA). Cell cycle arrest was associated
with increased p53 and p21 mRNA and protein, as well as
the diminished expression of cyclins D and E. Inhibition of
p53-mediated transcription sensitized MCF-7 cells to Cer
treatment, most likely as a result of decreased transcriptional
activation of p21.

The cytotoxic and cytostatic effects of ceramide have
been reported to be both dependent and independent of
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Figure 7. Pharmacologic inhibition of p53 increases the percentage of apoptotic MCF-7 cells. MCF-7 cells were plated at 1.5x106 cells per 75 cm2 dish and
allowed to adhere overnight. The following day, culture was replaced with serum-free media for 24 h. The medium was then replaced with 10% DMEM, and cells
were either treated with Cer (30 μM), or pretreated with 10 μM PTH for 1 h followed by 30 μM Cer, for 18 h. The cells were harvested, fixed in 70% ethanol,
stained with PI, and analyzed with FACS to determine DNA content. Percentage of cells in each population of the cell cycle was determined using ModFit
Pro Analysis software. The percentage of cells in the apoptotic, sub-G1 (blue shaded region), G0/G1 (leftmost red region), S (hatched shaded region) or G2/M
(rightmost shaded region) phase of the cell cycle was determined using ModFit Pro Analysis software, and are the average percentages from three separate
experiments.

Figure 8. Transfection of MCF-7 cells with p21 siRNA enhances Cer-induced
cytotoxicity. (A) MCF-7 cells were transfected with non-targeting, scrambled
siRNA (control) or p21 siRNA for 30 h. The cells were then treated with the
indicated concentrations of Cer for 24 h. Data are presented as percent
viability of vehicle-treated control cells. Mean values ± SE of three different
experiments in quadruplicate are reported (*p<0.01 as compared to control
siRNA-transfected cells). (B) MCF-7 cells were transfected with non-
targeting, scrambled siRNA (control) or p21 siRNA for 30 h, followed
by treatment with 30 μM Cer for 8 h. The cells were then harvested and
immunoblotting was used to determine the expression of p21 or actin (loading
control). The picture shown is a representative of three separate
experiments. 
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p53 signaling. Several studies have demonstrated that p53
activation regulates ceramide generation (43-46). In these
studies, cytotoxic stress, such as Á radiation, actinomycin D,
or etoposide, increased ceramide generation through p53-
dependent increases in reactive oxygen species (ROS) and
neutral sphingomyelinase activation (43-45). Cells with either
mutant p53 or that expressed the E6 protein of the human
papillomavirus demonstrated diminished ceramide production
and increased resistance to cell death, suggesting that ceramide
generation lay downstream of p53 induction. However, in these
same cell models, p53-independent regulation of ceramide
generation in response to other, different cytotoxic agents
was also observed (43,46) suggesting that the dependence
on p53 for ceramide generation may be stimulus-specific. In
contrast to the reports listed above, several groups have
demonstrated a clear increase in p53 protein expression
following addition of exogenous ceramide (47-51). In these
studies, short-chain, cell-permeable ceramides were used to
increase intracellular ceramide concentrations rather than a
chemotherapeutic or cytotoxic agent, and it is tempting to
speculate that this is the explanation for the differences in the
findings of the studies. However, while the majority of studies
demonstrate that exogenous ceramide leads to induction of
p53 expression, it seems that in some cell types exogenous
ceramide treatment does not result in increased p53 expression
(38,46,52). Thus the relationship between ceramide signaling
and p53 induction may be both cell-type and stimulus specific. 

In this study we find that exogenous Cer treatment increases
both p53 and p21 expression at the mRNA and protein level.
The induction of p53 protein was much greater than the
induction of p53 mRNA (630% versus 50%). Expression of
p53 is reported to be primarily regulated by changes in protein
degradation. Under normal cellular conditions p53 is a short-
lived protein with a t1/2 of ~30 min, which is ubiquitinated
and eliminated through proteosomal degradation (16). Upon
exposure to stress stimuli, including DNA damaging agents,
hypoxia, and microtubule-interacting agents, ubiquitination
of p53 protein is prevented and p53 accumulates. While
stabilization of p53 is thought to be the main mechanism
for p53 induction, in some situations, p53 expression has
been shown to be regulated at the mRNA level by various
transcription factors (53). In the case of Cer treatment, the
greater induction of p53 protein suggests that stabilization of
p53 protein constitutes the most prominent mechanism of
p53 induction in response to Cer treatment. This is in contrast
with the induction of p21, which was found to be dramatically
induced at both the mRNA and protein level. p21 is a target
of p53 transcriptional activation; therefore it is expected that
induction of p21 would occur both at the mRNA and protein
level. p21 mRNA and protein levels were significantly
increased within 1 h, while p53 expression did not rise
significantly until 2 h, which may reflect p53-independent
mechanisms of p21 induction by Cer. In addition to p53,
the p21 promoter contains binding sites for NF-κB (54,55),
STAT (56,57), Sp-1 (58), and AP-1 transcription factors (59),
all of which may influence the expression of p21 in response
to Cer treatment. 

Treatment with exogenous Cer led to a dramatic decrease
in the expression of cyclins D and E. Cyclin D is primarily
associated with progression through G1-phase, while adequate

expression of the cyclin E protein is required for the transition
from G1 into the S-phase. The decrease in cyclins D and E
expression correlates with the data in Fig. 2 demonstrating a
selective arrest of cells in G0/G1 following Cer exposure. The
decreased expression of D and E would prevent formation of
a sufficient cyclin D/CDK2, and cyclin E/CDK4 or cyclin E/
CDK2 complexes, which are necessary for CDK activation and
progression through the cell cycle from G1 and into S-phase.
Other reports have indicated that ceramide leads to the down-
regulation of cyclin A expression (34,60,61). While we also
observed that ceramide treatment led to a decreased expression
of cyclin A, the decrease in cyclin A expression is much less
than that observed for cyclins D and E which correlates with
arrest in Cer-treated cells in G0/G1.

The ability of Cer to induce p53 is interesting since p53 is
most commonly studied for mediation of growth arrest and
apoptosis in response to agents that cause DNA damage or
genotoxic stress (62), although p53 has been shown to be
induced by other agents that do not directly involve DNA
damage (36). While there is no evidence in the literature that
demonstrates a direct interaction of ceramide with DNA,
ceramide can lead to the generation of reactive oxygen species
and oxidative stress (63,64), which can lead to damage to
cellular components including DNA and RNA. Therefore,
it is possible that DNA damage may occur downstream of
ceramide-induced ROS generation, which leads to induction
of p53 (65-67). The response of cells to the proposed ceramide-
induced damage may be cell-type specific since induction
of p53 is not consistently demonstrated during ceramide
treatment (33,34,37,38,50,61,68,69). 

Since Cer-induced growth arrest was associated with an
increased expression of p53, which influences growth arrest
and apoptosis, our initial hypothesis was that inhibition of
MCF-7 cell viability by Cer was mediated, at least in part, by
p53 and that inhibition of p53 would protect from Cer-induced
changes in cell number. Interestingly, the observed changes
in MCF-7 cell viability following pharmacologic or genetic
inhibition of p53 did not support this hypothesis. Treatment
with PTH· and p53 siRNA led to significant enhancements of
MCF-7 cell cytotoxicity over Cer-treatment alone. In addition,
pre-treatment with PTH· led the appearance of an apoptotic
(sub-G1) population during an 18 h Cer treatment (where
formerly only growth arrest was observed), suggesting that
inhibition of p53-mediated transcription during Cer treatment
switches the cellular response from growth arrest to apoptosis.
This switch may be the result of inhibition of p53-dependent
induction of p21 since we observed that inhibition of p21
expression with siRNA also resulted in a sensitization to Cer-
induced cytotoxicity over Cer treatment alone. p53-mediated
induction of p21 expression may act to protect MCF-7 cells
from Cer-induced apoptosis by selectively inducing growth
arrest in the G1-phase, at least acutely. While p21 has been
implicated in mediating p53-dependent apoptosis in response
to some chemotherapeutic agents, our findings supported by
a body of literature demonstrate that p21 can act as anti-
apoptotic factor in MCF-7 cells (70,71), as well as other
tumor cell lines (20,40,72). This information may be
clinically relevant since induction of apoptosis is the preferred
treatment response over growth arrest. Finally, the ability of
Cer to induce apoptosis over growth arrest in the presence of
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p53 inactivation would make Cer-based therapies particularly
useful in the treatment of breast cancer, as mutations in the
p53 gene are reported to occur in 30-50% of all breast tumors
(73,74).
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