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Abbreviations: Cer, (2S,3R)-N-octanoylsphingosine; DH-Cer, (2S,3R)-N-octanoyl-4,5-
dihydrosphingosine; 4,6-diene-Cer, (2S,3R)-(4E,6E)-2-octanoylamidooctadecadiene-
1,3-diol; 4,6-diene-7-Ph-Cer, (2S,3R)-(4E,6E)-2-octanoylamido-7-phenylheptadiene-1,3-
diol; 6-ene-Cer, (2S,3R)-(6E)-2-octanoylamidooctadecadiene-1,3-diol; 6-OH-Cer,
(2S,3R,6S)-(4E)-2-octanoylamidooctadecadiene-1,3,6-triol; 6-OH-4-yne-Cer,
(2S,3R,6S)-2-octanoylamido-4-octadecyne-1,3,6-triol; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; DMEM, Dulbecco’s Modified Eagle Medium; FCS,
fetal calf serum; BME, basal medium eagle; MEM, minimum essential medium; TNF-c.,
tumor necrosis factor o; hTERT, human telomerase; HME, human mammary epithelial;
SDS, sodium dodecyl sulfate; EDTA, ethylenediaminetetraacetic acid; PBS, phosphate
buffered saline; FITC, fluorescein isothiocyanate; PI, propidium iodide; JC-1, 5,5°,6,6'-
tetrachloro-1,1'3,3'-tetraethyl-benzimidazolylcarbocyanine iodide; DAG, diacylglycerol;
D-e-C8, D-erythro-C8-ceramide, DH-C8, dihydro-C8-ceramide; PTPC, permeabilization

transition pore complex; S.E., standard error
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Abstract

Recent evidence suggests a role for aberrant ceramide levels in the
pathogenesis of cancer and chemoresistance, and indicates that manipulation of tumor
ceramide levels may be a useful strategy in the fight against breast cancer. This study
demonstrates that alterations in the degree and position of unsaturation of bonds in the
sphingoid backbone of D-erythro-N-octanoyl-sphingosine (Cer) affect the
antiproliferative ability of ceramide analogs in breast cancer cells. The most potent
analog of Cer we tested is (2S,3R)-(4E,6E)-2-octanoylamidooctadecadiene-1,3-diol
(4,6-diene-Cer), which contains an additional trans double bond at C(6)-C(7) of the
sphingoid backbone. 4,6-Diene-Cer exhibited higher potency than Cer in TNF-a-
resistant (ICsp 11.3 uM vs 32.9 uM) and TNF-a-sensitive (ICso 13.7 uM vs 37.7 uM)
MCF-7 cells. 4,6-Diene-Cer was also more potent than Cer in inducing cell death in
MDA-MB-231 and NCI/ADR-RES breast cancer cell lines (IC50 3.7 uM vs 11.3 uM, and
24.1 uM vs 86.9 uM, respectively). 4,6-Diene-Cer caused a prolonged elevation of
intracellular ceramide levels in MCF-7 cells, which may contribute to its enhanced
cytotoxicity. Furthermore, treatment of MCF-7 cells with Cer or 4,6-diene-Cer resulted
in induction of apoptosis by 8 hr via the mitochondrial pathway, as demonstrated by
release of cytochrome c, loss of membrane asymmetry (measured by Annexin V
staining), and a decrease in the mitochondrial membrane potential. Importantly, both
Cer and 4,6-diene-Cer displayed selectivity toward transformed breast cells over non-
transformed breast epithelial cells. These data suggest that these and other novel

ceramide analogs represent potential therapeutic agents in breast cancer treatment.
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Breast cancer is the most commonly diagnosed cancer in women, and the
American Cancer Society estimates there will be approximately 213,000 new cases
diagnosed in 2003. Resistance to therapy is the major reason for failure of cancer
treatment. Chemo- and radiotherapies are thought to primarily exert anti-tumor effects
through the activation of programmed cell death pathways (Mesner et al., 1997), and
resistance to these therapies is often the result of defects in this apoptotic cell death
cascade. From a pharmacological perspective, development of new agents that can
induce programmed cell death or overcome resistance mechanisms are predicted to
improve patient outcomes, prevent relapse, and prolong patient survival.

Ceramide is a sphingolipid signaling molecule that has been shown to mediate a
diverse range of biological responses to extracellular stimuli, including proliferation,
differentiation, immune responses, senescence, and growth arrest (Hannun and Obeid,
2002; Kolesnick, 2002). The diversity of responses elicited by ceramide suggests the
presence of distinct signaling pathways upon which ceramide acts. In the field of
cancer biology, ceramide has been intensely studied for its ability to induce both
apoptotic and non-apoptotic cell death (Lopez-Marure et al., 2002; Obeid et al., 1993).
In tumor cells, chemotherapeutic drugs such as doxorubicin, vincristine, etoposide, and
paclitaxel (Senchenkov et al., 2001), as well radiotherapy, increase intracellular
ceramide levels following treatment (Haimovitz-Friedman, 1998). In most cases, this
treatment-induced rise in ceramide is critical for response to these treatments, and
pharmacologic agents that affect production or accumulation of ceramide can alter the

response to chemotherapy (Litvak et al., 2003; Olshefski and Ladisch, 2001).
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Consistent with the principle that increasing intracellular ceramide can mediate
tumor cell death, aberrant or decreased ceramide signaling has been implicated in
contributing to tumor progression and resistance to therapy. Ceramide levels in human
specimens of primary and metastatic colon cancer contained approximately half the
level of ceramide when compared with respective normal colon mucosa from the same
patient (Selzner et al., 2001), and ceramide levels have been inversely correlated with
malignant progression in glial specimens (Riboni et al., 2002). In addition, many
radiation-resistant cell lines and isolated tumor specimens do not produce ceramide
following irradiation (Chmura et al., 1997; Michael et al., 1997), and a number of multi-
drug resistant cancer cell lines do not generate, or accumulate, ceramide in response to
therapy (Cai et al., 1997; Wang et al., 1999). These data suggest that clinical
manipulation of ceramide levels within tumors represents an important mechanism for
decreasing both tumor survival and chemotherapeutic resistance mechanisms and
makes ceramide signaling an attractive target for chemotherapeutic drug development.

In this study we examine the antiproliferative and proapoptotic activities of a
series of novel ceramide analogs in a model of breast cancer resistance. Altering the
composition and degree of unsaturation of the sphingoid backbone of ceramide
significantly changed the ability of these analogs to decrease viability and proliferation in
both chemosensitive and chemoresistant MCF-7 cells. Importantly, the ability of
ceramide analogs to induce apoptosis was selective for breast cancer cells compared to
normal mammary epithelial cells. Since ceramide has been shown to be involved in

tumor sensitivity to apoptosis and chemoresistance, we suggest that development of
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ceramide analogs with increased anti-tumor activity represents a potential new class of

chemotherapeutic agents.
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Methods

Reagents. D-erythro-C8-Ceramide (Cer) and C8-dihydroceramide (DH-Cer) were
purchased from BIOMOL (Plymouth Meeting, PA). In order to achieve cell permeability,
all of the ceramide analogs used in the present study have an N-octanoyl chain. The
syntheses of (2S,3R)-(4E,6E)-2-octanoylamidooctadecadiene-1,3-diol (4,6-diene-Cer)
and (2S,3R)-(6E)-2-octanoylamidooctadecadiene-1,3-diol (6-ene-Cer) have been
described (Chun et al., 2002). The syntheses of (2S,3R,6S)-(4E)-2-
octanoylamidooctadecadiene-1,3,6-triol (6-OH-Cer) and (2S,3R,6S)-2-octanoylamido-4-
octadecyne-1,3,6-triol (6-OH-4-yne-Cer) have also been described (Chun et al., 2003b).
(2S,3R)-(4E,6E)-2-Octanoylamido-7-phenylheptadiene-1,3-diol (4,6-diene-7-Ph-Cer)
was prepared by using a synthetic strategy similar to that employed in the preparation of
4,6-diene-Cer. All ceramide analogs were dissolved in ethanol, and all treatments were
adjusted to have identical final ethanol concentrations of less than 0.1%. TNF-o was

purchased from R&D Biosystems (Abingdon, UK).

Cell culture. MCF-7N and MCF-7TN-R cells, as well as MDA-MB-231 and NCI/ADR-
RES cells, were grown in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum, BME amino acids, MEM
amino acids, sodium pyruvate, and penicillin-streptomycin (Life Technologies,
Gaithersburg, MD). The MCF-7 N cell variant is a subclone of MCF-7 cells from the
American Type Culture Collection (Manassas, VA) that was generously provided by

Louise Nutter (University of Minnesota, Minneapolis, MN) (Burow et al., 1998).
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Generation of the resistant MCF-7 variant (MCF-7TN-R) was achieved by prolonged
exposure of MCF-7N cells to increasing concentrations of TNF-o.. Human mammary
epithelial (HME) cells transfected with telomerase (hnTERT-HME) were purchased from
BD Bioscience/Clontech (Palo Alto, CA) and were cultured in Mammary Epithelial Cell

Medium (MECM) (Cambrex, San Diego, CA) supplemented with bovine pituitary extract.

MTT viability Assay. MCF-7 cell variants or HME cells were seeded at 7.5 x 10° cells
per 96-well plate in phenol-free DMEM (or MECM for HME) supplemented with 10%
FBS and allowed to adhere overnight. Cells were treated with the indicated
concentrations of TNF-o, or ceramide analog for 24-48 hr. Twenty-five uL of MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) dye (5 mg/ml) were
incubated in each well for 4 hr. Cells were lysed with 20% SDS in 50%
dimethylformamide. The pH and absorbances were read on an EL,808 Microtek plate
reader (Winooski, VT) at 550 nm, with a reference wavelength of 630 nm. Unless
otherwise indicated, viability is expressed as percent of vehicle-treated control. All
treatments were carried out in quadruplicate, and all experiments were performed at

least three times.

Western blot analysis. MCF-7N or MCF-7TN-R cells were plated at 5 x 10° cells in 25
cm? culture flasks and treated as indicated. Cells were detached using 0.5% EDTA-
PBS, pelleted by centrifugation, resuspended in sonication buffer (62.5 mM Tris—HCI,
pH 6.8, 4% (w/ v) SDS, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, as well as

protease and phosphatase inhibitor cocktails (Sigma, St Louis, MO), and sonicated for
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30 s. After centrifugation at 12,000 x g for 3 min, 50 ug of protein was suspended in
sample loading buffer (62.5 mM Tris — HCI, pH 6.8, 2% (w/v) SDS, 10% glycerol, 5% j-
mercaptoethanol, 0.01% bromophenol blue), boiled for 3 min, and electrophoresed on
12-15% polyacrylamide gels. The proteins were transferred to a nitrocellulose
membrane (Biorad, Hercules, CA) which was blocked with PBS—Tween (0.05%)-5%
low-fat dry milk solution at room temperature for 1 hr. The membrane was subsequently
probed with polyclonal antibodies raised against cytochrome c (1:500 dilution, Santa
Cruz, CA), cytochrome c oxidase (1:1000, Molecular Probes, Eugene, OR). After
incubation at 4°C overnight, blots were washed 3x in PBS-Tween (0.05%) solution and
incubated with the appropriate secondary antibodies conjugated to horseradish
peroxidase (1:10,000 dilution; Oxford, Oxford, MI) for 2 hr at room temperature. After
four washes with PBS-Tween solution, 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.

Annexin V apoptosis assay. FITC Annexin V/ propidium iodide (PI) apoptosis assay
kits were purchased from Molecular Probes and assays were performed according to
the manufacturer’s instructions. Briefly, MCF-7 cells were treated with the indicated
ceramide analog for 24 hr, harvested, and pelleted by centrifugation. Cell pellets were
washed once in ice-cold PBS, resuspended in Annexin binding buffer (~1 x 10°
cells/ml), and incubated with FITC-conjugated Annexin V and propidium iodide (1 pg/ml)
for 15 min at 37°C in the dark. The stained cells were analyzed on a Becton Dickinson

FACStar flow cytometer measuring fluorescence emission at 530 nm for FITC, and 638
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nm for propidium iodide (PI). Cells negative for both Annexin V and PI staining are
considered live cells. Annexin V-positive and Pl-negative staining cells are undergoing
early stages of apoptosis, PIl- and Annexin V-positive staining cells are necrotic and/or
late apoptotic cells, and Pl-positive and Annexin V-negative staining cells are necrotic

cells.

Cytochrome c release. Cells (4 x 10°) were harvested with 0.5% EDTA-PBS, pooled
together with media and washes containing floating cells, and pelleted by centrifugation
at500 x g for 3 min at 4°C. Pellets were resuspended with Buffer A (20 mM HEPES-
KOH, pH 7.5, 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 10 mM
benzamidine, 1 mM dithiothreitol, 250 mM sucrose, and protease and phosphatase
inhibitor cocktails (Sigma), then lysed by passing the suspension through a 25-gauge
needle 15 times. Homogenates were centrifuged at 500 x g for 5 min at 4°C.
Supernatants were further centrifuged at 10,000 x g for 30 min at 4°C, and the resultant
mitochondria-rich pellets were resuspended in Buffer A and sonicated. The supernatant
from the 10,000 x g spinwas designated as cytosol. Protein concentrations were
determined by the Bradford reagent assay (BioRad). Subcellular fractionations were
subjected to immunoblotting as described above. Experiments were performed 3-5

times, and the results of a typical experiment are shown.

Measurement of mitochondrial membrane potential (A¥n). MCF-7 cells were
seeded at 7.5 x 10° cells per 96-well plate in phenol-free DMEM supplemented with

10% fetal calf serum, and allowed to adhere overnight. The cells were treated with 30
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uM of ceramide analog for indicated times. After incubation, the medium was removed,
2.5 uM 5,5’,6,6'-tetrachloro-1,1'3,3'-tetraethl-benzimidazolylcarbocyanine iodide (JC-1)
(Chemicon International, Temecula, CA) was added to each well, and plates were
incubated at 37°C for 20 min. After incubation, JC-1 dye was removed and the cells
were carefully washed with 1X incubation buffer, followed by addition of PBS. Emitted
fluorescence was measured on a FLx600 fluorometer (Biotek, Winooski, VT) at 530 nm
(red) and 590 nm (green) with excitation at 485 nm. The decrease in the mitochondrial
membrane potential was estimated by calculating the ratio of fluorescence at 590 nm
and 530 nm for each well as described (Stoica et al., 2003). Ratios of treated samples
are expressed as the percent of the vehicle-treated control (considered 100%).
Analysis of cellular ceramide levels. Ceramide was quantified by the diacylglycerol
(DAG) kinase assay as **P-incorporated into ceramide 1-phosphate, or by HPLC, as
previously described (Clejan, 1998). In the DAG kinase method, MCF-7 cells were
treated with TNF-a, Cer, or ceramide analog for the times indicated, washed in PBS,
and fixed in ice-cold methanol. The lipids were extracted in chloroform, and the organic
phase was dried under a nitrogen stream. The lipids contained in the organic phase
extract were resuspended in 20 pl of 7.5% n-octyl B-glucopyranoside, 5 mM cardiolipin,
1 mM diethylenetriaminepentaacetic acid (Sigma) and 40 pl of purified DAG kinase in
enzyme buffer (20 mM Tris-HCI, 10 mM dithiothreitol, 1.5 M NaCl, 250 mM sucrose, and
15% glycerol, pH 7.4). DAG kinase was added in excess in order to ensure the total
conversion of the substrate to the phosphorylated product. Fifty ul of buffer, containing
[v-**P]ATP (10 mM; 1000 dpm/pmol)), was added to start the reaction. After 30 min at

22 C, the reaction was stopped by extraction of lipids with 1 ml of
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chloroform:methanol:hydrochloric acid (100:100:1, v/v). Buffered saline solution (170 pl;
135 mM NacCl, 1.5 mM CacCl,, 0.5 mM MgCl,, 5.6 mM glucose, and 10 mM Hepes, pH
7.2) and 30 pl of 100 mM EDTA were added. The organic phase (lower) was dried
under N,. Ceramide 1-phosphate was resolved by TLC using CHCI3:CH3OH:acetic acid
(65:15:5, vivlv) as the solvent system and detected by autoradiography (Rf fraction
between 0.5 and 0.6), and the incorporated **P was quantified by phosphorimaging
(Fugi BAS1000, Fugi Medical Systems, Stamford, CT). The level of ceramide was
determined by comparison with a standard curve composed of a known amount of egg-
and brain-derived, mixed N-acyl chain ceramides (Avanti Polar Lipids, Alabaster, AL).,
with C8-ceramide was used as a positive standard of DAG kinase activity.
Alternatively, ceramide levels were measured by HPLC. A non-enzymatic
method based on deacylation of ceramide to the corresponding sphingoid base and
derivatization with o-phthalaldehyde (OPA) (Merrill et al., 1988) as modified by Yoon
(Yoon et al., 1999) was used. Lipid extract aliquots (20 uL) were quantified by reverse-
phase HPLC using a Nova Pak C18 column (elution with methanol:6 mM potassium
phosphate, pH 7.0 (90:10), flow rate, 0.6 ml/min, detection by spectrofluorometry
(excitation, 340 nm; emission, 455 nm), with D-erythro-C8-sphingosine as an internal
standard Ceramide levels were determined by comparison with a concomitantly run
standard curve of known amounts of ceramide (Avanti Polar Lipids) as was done in the
DAG kinase method. We compared the quantity of ceramide measured by the DAG
kinase assay with that estimated by the HPLC method. The ceramide levels as
calculated by the two methods correlated well as determined by linear regression

analysis (r=0.910, p<0.004).
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Results

A Model of MCF-7 Chemoresistance. To investigate the ability of novel
ceramide analogs to affect breast cancer chemoresistance and apoptosis, we
developed a model of MCF-7 breast cancer resistance based on work previously
published by our laboratory (Burow et al., 1998). MCF-7N-TR cells are isogenic
variants of MCF-7N cells, and show profound resistance to the apoptosis-inducing
effects of TNF-qa, even at 100 ng/ml (Fig. 1). This is in contrast to the parental MCF-7N
cells where treatment with only 1 ng/ml TNF-o. resulted in a 50% reduction in cell
number, and 10ng/ml reduced cell viability to less then 25%. Resistance to TNF-
induced cell death is not a result of a lack of TNF-o receptors as treatment with TNF-o
is still able to activate intracellular signaling pathways, as measured by a NF-xB
luciferase reporter gene assay (data not shown). Both the parental and resistant MCF-7
cell variants were used to investigate the ability of ceramide analogs to induce cell
death and overcome chemoresistance mechanisms.

TNF-a-resistant MCF-7 cells Do Not Generate Ceramide Following TNF-a
Treatment. Many chemoresistant tumor cells exhibit defects in ceramide generation or
accumulation. We hypothesized that in MCF-7TN-R cells ceramide generation or
accumulation was low, and that this contributed to the observed resistance to TNF-a.
Therefore, we investigated the effect of TNF-o treatment ceramide levels in the MCF-7
cell variants. In the sensitive (MCF-7N) cell variant, treatment with 10 ng/ml TNF-o

resulted in a rapid rise of intracellular ceramide accumulation which peaks within 15
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min, with a return to basal levels by 2 hr (Fig. 2). In contrast, ceramide levels in the
MCF-7N-TR variant did not increase significantly over the course of TNF-a treatment
suggesting that defective ceramide accumulation correlates with resistance to the
apoptotic effects of TNFa.

Cell Death Resistance Mechanisms Are Overcome by Exogenous Ceramide
Treatment. Since the resistant MCF-7TN-R cell line did not generate ceramide in
response to TNF-o treatment, we determined the effect of restoring ceramide signaling,
via addition of exogenous ceramide, in the resistant and sensitive MCF-7 variants.
Synthetic ceramides with a short N- acyl chain, such as N-octanoyl, are frequently used
because they are taken up readily by cultured cells; natural ceramides have a very long
N-acyl chain are difficult to introduce into cells and are poorly soluble in aqueous
medium (Luberto and Hannun, 2000). We used Cer to test whether treatment with
exogenous ceramide could restore the ability of the MCF-7TN-R cells to undergo cell
death. Treatment of MCF-7 cell variants with Cer resulted in a virtually identical dose-
dependent decrease in cell viability over 48 hr (Fig. 3), with an ICsp of approximately 30
uM in both the TNF-sensitive and the TNF-resistant cell variants. Ceramide was also
able to decrease the long-term survival and colony-forming potential of both cell lines
equally, as measured by an 8-day colony assay (data not shown). These findings
support the hypothesis that restoration of the ceramide signaling component is able to
restore cell death signaling in previously-resistant MCF-7 cells.

Ceramide Analogs Induce Cell Death in MCF-7 Variants. Since exogenous
ceramide addition bypassed chemoresistance mechanisms in the MCF-7 breast cancer

variants, we next determined whether the ceramide structure could be altered to
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increase the ability of ceramide to reduce breast cancer cell viability. Five novel
ceramide analogs (Fig. 4)) were tested for their ability to induce changes in MCF-7 cell
viability. The analogs varied in the structure and composition of the ceramide sphingoid
backbone. Their dose-response curves are shown in Fig. 5A, along with those for Cer
and DH-CS8; the latter compound differs from ceramide by its lack of the 4,5 double bond
and is the commonly used negative control for ceramide treatment. Moving the position
of the C(4)-C(5) double bond on the sphingoid backbone of ceramide to the C(6)-C(7)
position (6-ene-Cer) decreased the ability of this compound to induce cell death
compared with Cer, except at doses that exceeded 50 uM. However, the addition of a
C(6)-C(7) double bond with retention of the original C(4)—C(5) — trans double bond
resulted in a marked improvement in potency; the ICs of 4,6-diene-Cer was 11.3 uM,
whereas that of Cer was 33.9 uM. The same C(4)-C(5)/C(6)-C(7)— trans double bond
system was also tested with a phenyl ring at C(7) in place of the long, sphingoid
hydrocarbon chain (4,6-diene-7-Ph-Cer). This change, however, reduced the efficacy of
this compound at all concentrations tested. Finally, novel analogs were synthesized
with the addition of a hydroxyl group at C(6), with either the original double bond of
ceramide (6-OH-C8) or a triple bond at C(4)-C(5) (6-OH-4-yne-C8). Interestingly, both
compounds were more potent than Cer in reducing MCF-7TN-R viability, with the 6-OH-
4-yne-C8 being the more cytotoxic of the two. All analogs were also tested in the MCF-
7N variant with similar results (ICso 37.7 uM and 13.7 uM, for Cer and 4,6-diene-Cer,
respectively) (data not shown). To more easily evaluate the relative potencies of the

ceramide analogs, we present the MCF-7 cell viability after 48-hr treatment with 30 uM
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of the drug in Fig. 5B. As shown in Figure 5B, 4,6-diene-Cer was the most potent at
decreasing MCF-7 cell number.

Cer and 4,6-diene-Cer Induce Apoptosis in MCF-7 Cells. Ceramide has been
shown to reduce cell number by several mechanisms, including induction of cell death
by both apoptotic and non-apoptotic mechanisms (Lopez-Marure et al., 2002; Obeid et
al., 1993). We tested the hypothesis that treatment of MCF-7 cells with Cer induced
apoptosis in our model system, and that 4,6-diene-Cer initiated cell death in a similar
manner. An early event in apoptosis is a loss of membrane asymmetry that results in
phosphatidylserine (PS) “flipping” from the inner to the outer leaflet of the cell
membrane, an event that may signal to phagocytes to clear dying cells. PS is bound by
Annexin V, and therefore recognition of Annexin V binding via a FITC-labeled anti-
Annexin V antibody serves as a useful marker of early apoptotic events. Treatment of
MCF-7N cells with 30 uM Cer for 24 hr resulted in a 2.9-fold increase in the percentage
of Annexin-(+) cells (from 7.1% for the untreated control ((Fig. 6A, B) to 27.8%), while
treatment with DH-Cer resulted in no increase in Annexin binding under the same
conditions. The treatment with the same concentration of 4,6-diene-Cer resulted in a
greater increase (7.6-fold) in cells undergoing early apoptosis (61.2%) over the vehicle-
treated control (Fig. 6C). These data suggest that the reductions in MCF-7 cell number
shown in Fig. 5 are the result of greater induction of apoptosis by 4,6-diene-Cer.
Results with the resistant MCF-7TN-R cell variant were similar (data not shown).

Ceramide Analogs-Induced Apoptosis Occurs Through the Activation of
the Mitochondria. Ceramide is reported to utilize the mitochondrial pathway of

apoptosis (Birbes et al., 2002) and to depend on release of cytochrome ¢ from the
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mitochondria for the induction of apoptosis. To confirm that Cer-induced apoptosis
occurs through mitochondrial activation and to test whether 4,6-diene-Cer induces cell
death via this pathway, we used immunoblotting to detect release of cytochrome ¢ from
the mitochondria. Treatment of MCF-7N cells with Cer resulted in release of
cytochrome c into the cytosol by 8 hr compared with vehicle-treated control (Fig. 7A).
Fig. 7B shows that treatment with 4,6-diene-Cer caused similar changes in the
mitochondrial permeability of cytochrome c at 8 hr, which continued to increase to 24 hr.
Cytosolic fractions from Cer (data not shown) or 4,6-diene-Cer showed no
immunoreactivity to anti-cytochrome oxidase Il, demonstrating that fractions were free
of mitochondrial contamination.

The opening of the permeabilization transition pore complex (PTPC) is thought to
mediate release of cytochrome c from the mitochondria. One of the markers of the
opening of PTPC is a decrease in mitochondrial membrane potential (A¥Yr). We used
the cell-permeant JC-1 dye to monitor changes in A¥r, following Cer or 4,6-diene-Cer
treatment. In healthy mitochondria with an intact A¥Y, the JC-1 dye accumulates and
forms aggregates with a red fluorescence. As the A¥y, is lost, the dye is not actively
taken up into the mitochondria and remains as a monomer in the cytosol. This
cytosolic, monomeric form is distinguishable from the aggregate form by its green
fluorescence. As shown in Fig. 7C, treatment with either 30 uM Cer or 4,6-diene-Cer
led to a significant decrease in the mitochondria membrane potential within 8 hr and
continued to decrease to 24 hr, demonstrating the involvement of the mitochondria in
Cer- and 4,6-diene-Cer-induced apoptosis.

4,6-Diene-Cer Treatment Results in Prolonged Ceramide Generation.
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Exogenous ceramide has been shown to generate endogenous ceramide, leading to
speculation that this endogenous ceramide may be responsible for the cellular effects of
ceramide treatment (Ogretmen et al., 2001). To determine whether addition of
exogenous Cer or 4,6-diene-Cer affected ceramide accumulation, we treated MCF-7
cells with either 30 uM Cer or 4,6-diene-Cer. While treatment with Cer resulted in a
pattern of ceramide accumulation that resembled that of TNF-o, ceramide accumulation
in response to 4,6-diene-Cer was markedly different (Fig. 8). Cer treatment led to a 4.2-
fold increase in ceramide and peaked within 15 min and returned to baseline by 1 hr.
After the addition of 4,6-diene-Cer, the ceramide level rose by 3.6-fold over the
untreated levels within 15 min. However, unlike TNF-o or Cer, 4,6-diene-Cer caused
ceramide levels to continue to rise up to 1 hr and remained significantly elevated even
to 24 hr. In comparison, treatment of MCF-7 cells with either 4,6-diene-7-Ph-Cer or 6-
OH-Cer did not increase ceramide levels significantly. HPLC was used to confirm the
results of the DAG kinase assay. The results correlated well, with continuous elevation
of ceramide at times up to 12h (24h was not measured by the HPLC method) (data not
shown).

4,6-Diene-Cer Reduces Viability in Other Breast Cancer Cell lines. In order
to determine whether the ability of 4,6-diene-Cer to decrease cell proliferation and
viability was restricted to the MCF-7 breast cancer cell line, we investigated the effect of
4,6-diene-Cer treatment in two other well-studied breast cancer cell lines with varying
phenotypes. The NCI/ADR-RES (formerly MCF-7 ADR (Scudiero et al., 1998)) cell line
is a commonly used model of chemoresistant, Pgp-positive, ER-negative breast cancer,

while MDA-MB-231 cells are a model of invasive, ER-negative breast cancer. As
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shown in Fig. 9, treatment of either MDA-MB-231 (A) or NCI/ADR-RES (B) cells with
Cer or 4,6-diene-Cerresulted in a dose-dependent decrease in viability. Importantly,
4,6-diene-Cer was more potent than Cer in both the MDA-MB-231 and NCI/ADR-RES
cell lines at all doses we used, demonstrating that the increased potency of 4,6-diene-
Cer is not restricted to the MCF-7 cell model. The ICs values of 4,6-diene-Cer were 3.7
uM and 24.1 uM for the MDA-MB-231 and NCI/ADR-RES cell lines, respectively,
compared with 11.3 uM and 86.9 uM, respectively, for Cer.

Ceramide and Ceramide Analogs Are Less Toxic to Normal Breast
Epithelial Cells. Ideally, a chemotherapeutic agent should possess a level of
selectivity toward tumor cells over their normal, healthy counterparts. Since ceramide
and novel ceramide analogs induce apoptosis in MCF-7 breast carcinoma cells, we
sought to determine the effect of these compounds in a cell line of breast epithelial cells
(hTERT-HME) that are immortalized with the human telomerase gene while retaining a
normal epithelial phenotype (Jiang et al., 1999). Treatment of these cells with either
Cer or 4,6-diene-Cer did not result in a similar loss of viability as seen in the MCF-7 cell
variants (Fig. 10). These cells were more refractory to treatment with either Cer or 4,6-

diene-Cer even at concentrations that were quite toxic to MCF-7 cell variants.
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Discussion

This study demonstrates that alterations in the degree and position of
unsaturation of bonds in the sphingoid backbone of Cer affect the antiproliferative
activity of ceramide analogs in breast cancer cells. The most efficacious analog of Cer
we tested is 4,6-diene-Cer, which contains an additional trans double bond at C(6)-C(7)
of the sphingoid backbone. 4,6-Diene-Cer exhibited higher cytotoxicity than Cer in all of
the breast cancer cell lines we tested (Figs. 5 and 9) and displayed selectivity toward
transformed breast cells over non-transformed breast epithelial cells (Fig. 10).
Treatment of MCF-7 cells with Cer or 4,6-diene-Cer resulted in induction of apoptosis
via the mitochondrial pathway by 8 hr, as demonstrated by the release of cytochrome c,
loss of membrane asymmetry (as measured by Annexin V staining), and decrease in
the mitochondrial membrane potential (Figs. 6 and 7). Furthermore, 4,6-diene-Cer
caused a prolonged elevation of intracellular ceramide levels in MCF-7 cells (Fig. 8),
which may contribute to its enhanced cytotoxicity. These data suggest that these and
other novel ceramide analogs represent potential therapeutic agents in breast cancer
treatment.

We and others have shown that defective ceramide generation following
cytotoxic stress leads to increased cellular resistance to such agents; tumor cells are
often defective in apoptotic signaling as a result of alterations in the ceramide pathway
(Senchenkov et al., 2001). In this study, our TNF-resistant MCF-7TN-R cell variant
demonstrated no significant generation of ceramide following TNF-a exposure (Fig. 2),
a finding that correlates with other reports regarding ceramide generation and

resistance to apoptosis (Cai et al., 1997; Wang et al., 1999). Restoration of ceramide
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signaling (via exogenous ceramide) decreased MCF-7TN-R cell viability in a manner
that was nearly identical to its TNF-sensitive counterpart (Fig. 2), demonstrating that the
ceramide signaling pathway plays an important role in the apoptotic sensitivity of these
cells. This observation supports the hypothesis that ceramide levels are low in resistant
tumor cells, and in these types of cells ceramide replacement therapy would provide a
significant benefit. This hypothesis is further supported by our finding that the
telomerase-transfected breast epithelial cells (WnTERT-HME), which retain a normal
epithelial phenotype, are not greatly affected by Cer or 4,6-diene-Cer treatment (Fig.
10). This correlates with findings by others that many non-transformed cells are less
sensitive to ceramide-induced cell death (Lopez-Marure et al., 2002; Selzner et al.,
2001), and suggests that ceramide-based chemotherapy may be selective for tumor
cells in vivo.

We employed novel ceramide analogs to directly target the cell death machinery
in breast cancer cells. Specifically, we have used novel ceramide analogs that are
altered with respect to the degree and position of unsaturation of bonds in the sphingoid
backbone of D-erythro-N-octanoyl-ceramide. Others have demonstrated that changes
in ceramide’s structure can result in increased efficacy of these compounds (Chun et
al., 2003; Macchia et al., 2001; Van Overmeire et al., 2000; Wieder et al., 1997). For
example, Macchia et al. used DNA fragmentation and release of cytochrome c to
analyze the effect of replacing the polar portion of the ceramide molecule with uracil or
thiouracil. The compounds produced potent in vivo antitumor activity in a model of
mouse colon cancer with few systemic side effects, demonstrating the potential of

ceramide analogs as a treatment strategy. Here we demonstrate that the double bond
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character of the sphingoid backbone of ceramide plays a key role in determining the
ability of our ceramide analogs to induce cell death effectively. We show that 4,6-diene-
Cer exhibited higher cytotoxicity than Cer in TNF-o-resistant (ICso 11.3 uM vs 32.9 uM)
and TNF-a-sensitive (ICsp 13.7 uM vs 37.7 uM) MCF-7 cells treated with the
sphingolipids for 48 hr. 4,6-Diene-Cer was also more effective than Cer in inducing cell
death in MDA-MB-231 and NCI/ADR-RES breast cancer cell lines (ICso 3.7 uM vs 11.3
uM, and 24.1 uM vs 86.9 uM, respectively).

The double bond at C(4)-C(5) has previously been shown to be important in
mediating some of the biological and apoptotic effects of ceramide (Bielawska et al.,
1993; He et al., 1999; Karasavvas et al., 1996). This selectivity of location of
unsaturation in the sphingoid backbone is supported by our data, since 6-ene-Cer,
which has the unsaturation only at C(6)—C(7), was considerable less efficacious than
analogs that contained a C(4)—C(5) trans double bond (with the exception of 4,6-diene-
7-Ph-Cer), with an ICsy value of 43.2 uM. However, the presence of the C(4)-C(5) and
C(6)—(C)7 double bonds alone is not sufficient to confer increased efficacy as 4,6-diene-
7-Ph-Cer did not induce greater than 55% cell death at concentrations up to 100 uM.
The replacement of the long-chain base with a phenyl group may alter the lipophilicity of
the compound such that it is not taken up efficiently or inserted into cellular membranes.
Van Overmeire et al. (2000) also investigated ceramide analogs with an aromatic ring
similar to 4,6-diene-7-Ph-Cer, and found these compounds to be quite effective.
However, it is difficult to correlate these results with those in the present study since the
biological response measured in that study dealt with overcoming axonal growth

inhibition in hippocampal neurons. Interestingly, treatment of MCF-7 cells with
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ceramide analogs containing an additional hydroxyl group at C-6 resulted in a higher
cytotoxicity than that found with Cer; the ICso value of 6-OH-Cer was reduced by 27% to
23.7 uM, and introduction of further unsaturation at C(4)—-C(5), as in the triple-bond
analog 6-OH-4-yne-Cer, yielded a further increase in cytotoxicity (ICso = 13.9 uM, i.e., a
58% decrease vs Cer).

Mitochondria play a central role in the intrinsic pathway of apoptosis. Stimuli that
activate this pathway lead to increased permeability of the outer mitochondrial
membrane and decreased transmembrane potential, release of cytochrome c, and
production of reactive oxygen species (ROS), which ultimately lead to activation of
downstream effector caspases (Kaufmann and Earnshaw, 2000). Both endogenously
derived or exogenously added ceramide can cause generation of free radicals and
hydrogen peroxide at the mitochondria, disruption of mitochondrial membrane potential
(Garcia-Ruiz et al., 1997; Gudz et al., 1997; Quillet-Mary et al., 1997), and release of
cytochrome c. Here we demonstrate that treatment with both Cer and 4,6-diene-Cer
results in a decrease mitochondrial membrane potential (A¥r,) by 2 hr, which is
significant by 8 hr, and continues to decrease to 24 hr (Fig. 7C). The timing of the
significant decrease in A¥,, at 8 hr coincides with the first observable release of
cytochrome c from the mitochondria into the cytosol and suggests that dissipation of
A¥, promotes the release of cytochrome c. Release of cytochrome ¢ was followed by
further signs of apoptosis execution as measured by loss of membrane symmetry
(Annexin V staining). Treatment of MCF-7 cells with 4,6-diene-Cer resulted in more
than twice the level of Annexin V staining (Fig. 6) compared with that found with Cer,

which correlates with the increased loss of cell viability.
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An interesting observation that also requires further investigation is the
pronounced ability of 4,6-diene-Cer to increase intracellular ceramide levels for up to 24
hr. We hypothesize that this leads to a continuous stimulation of ceramide-mediated
death signaling, rather than the short burst seen with Cer treatment. The altered
structure of 4,6-diene-Cer may allow it to differentially activate or inhibit enzymes in the
ceramide metabolic pathway (Bielawska et al., 1996; Selzner et al., 2001).

In conclusion, our results demonstrate that novel ceramide analogs may
represent chemotherapeutic agents capable of overcoming apoptotic-resistance
mechanisms in breast cancer. We demonstrate that manipulation of the ceramide
structure can increase the ability of these agents to target chemoresistance and
apoptosis machinery in tumor cells. While the use of any chemotherapeutic agent can
be limited when used alone, deliberate pharmacological manipulation of ceramide levels
via ceramide analogs such as those described here may lead to an effective therapeutic

approach to treating breast cancer.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 26

References

Bielawska, A., H.M. Crane, D. Liotta, L.M. Obeid, and Y.A. Hannun. 1993. Selectivity of
ceramide-mediated biology. Lack of activity of erythro-dihydroceramide. J Biol
Chem. 268:26226-32.

Bielawska, A., M.S. Greenberg, D. Perry, S. Jayadev, J.A. Shayman, C. McKay, and
Y.A. Hannun. 1996. (1S,2R)-D-erythro-2-(N-Myristoylamino)-1-phenyl-1-propanol
as an Inhibitor of Ceramidase. J. Biol. Chem. 271:12646-12654.

Birbes, H., S.E. Bawab, L.M. Obeid, and Y.A. Hannun. 2002. Mitochondria and
ceramide: intertwined roles in regulation of apoptosis. Advances in Enzyme
Regulation. 42:113-129.

Burow, M.E., C.B. Weldon, Y. Tang, G.L. Navar, S. Krajewski, J.C. Reed, T.G.
Hammond, S. Clejan, and B.S. Beckman. 1998. Differences in susceptibility to
tumor necrosis factor alpha-induced apoptosis among MCF-7 breast cancer cell
variants. Cancer Res. 58:4940-6.

Cai, Z., A. Bettaieb, N.E. Mahdani, L.G. Legres, R. Stancou, J. Masliah, and S.
Chouaib. 1997. Alteration of the sphingomyelin/ceramide pathway is associated
with resistance of human breast carcinoma MCF7 cells to tumor necrosis factor-
alpha-mediated cytotoxicity. J Biol Chem. 272:6918-26.

Chmura, S.J., E. Nodzenski, M.A. Beckett, D.W. Kufe, J. Quintans, and R.R.
Weichselbaum. 1997. Loss of ceramide production confers resistance to

radiation-induced apoptosis. Cancer Res. 57:1270-5.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 27

Chun, J., H.S. Byun, G. Arthur, and R. Bittman. 2003. Synthesis and growth inhibitory
activity of chiral 5-hydroxy-2-N-acyl-(3E)-sphingenines: ceramides with an
unusual sphingoid backbone. J Org Chem. 68:355-9.

Clejan, S. 1998. HPLC analytical methods for the separation of molecular species of
fatty acids in diacylglycerol and cellular phospholipids. Methods Mol Biol.
105:255-74.

Garcia-Ruiz, C., A. Colell, M. Mari, A. Morales, and J.C. Fernandez-Checa. 1997. Direct
effect of ceramide on the mitochondrial electron transport chain leads to
generation of reactive oxygen species. Role of mitochondrial glutathione. J Biol
Chem. 272:11369-77.

Gudz, T.I., K.-Y. Tserng, and C.L. Hoppel. 1997. Direct inhibition of mitochondrial
respiratory chain complex Il by cell-permeable ceramide. J. Biol. Chem.
272:24154-24158.

Haimovitz-Friedman, A. 1998. Radiation-induced signal transduction and stress
response. Radiat Res. 150:5102-8.

Hannun, Y.A., and L.M. Obeid. 2002. The ceramide-centric universe of lipid-mediated
cell regulation: stress encounters of the lipid kind. J Biol Chem. 277:25847-50.

He, L., H.-S. Byun, J. Smith, T. Wilshut, and R. Bittman. 1999. Enantioselective
synthesis of a novel trans double bond ceramide analogue via catalytic
asymmetric dihydroxylation of an enyne. The role of the trans double bond of
ceramide in the fusion of semliki forest virus with target membranes. J. Am.

Chem. Soc. 121:3897-3903.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 28

Jiang, X.R., G. Jimenez, E. Chang, M. Frolkis, B. Kusler, M. Sage, M. Beeche, A.G.
Bodnar, G.M. Wahl, T.D. Tlsty, and C.P. Chiu. 1999. Telomerase expression in
human somatic cells does not induce changes associated with a transformed
phenotype. Nat Genet. 21:111-4.

Karasavvas, N., R.K. Erukulla, R. Bittman, R. Lockshin, and Z. Zakeri. 1996.
Stereospecific induction of apoptosis in U937 cells by N-octanoyl-sphingosine
stereoisomers and N-octyl-sphingosine. The ceramide amide group is not
required for apoptosis. Eur. J. Biochem. 236:729-731.

Kaufmann, S.H., and W.C. Earnshaw. 2000. Induction of apoptosis by cancer
chemotherapy. Experimental Cell Research. 256:42-49.

Kolesnick, R. 2002. The therapeutic potential of modulating the ceramide/sphingomyelin
pathway. J Clin Invest. 110:3-8.

Litvak, D.A., A.J. Bilchik, and M.C. Cabot. 2003. Modulators of ceramide metabolism
sensitize colorectal cancer cells to chemotherapy: a novel treatment strategy. J
Gastrointest Surg. 7:140-8; discussion 148.

Lopez-Marure, R., G. Gutierrez, C. Mendoza, J.L. Ventura, L. Sanchez, E. Reyes
Maldonado, A. Zentella, and L.F. Montano. 2002. Ceramide promotes the death
of human cervical tumor cells in the absence of biochemical and morphological
markers of apoptosis. Biochem Biophys Res Commun. 293:1028-36.

Luberto, C., and Y.A. Hannun. 2000. Use of short-chain ceramides. Method Enzymol.

312:407-20.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 29

Macchia, M., S. Barontini, S. Bertini, V. Di Bussolo, S. Fogli, E. Giovannetti, E. Grossi,
F. Minutolo, and R. Danesi. 2001. Design, synthesis, and characterization of the
antitumor activity of novel ceramide analogues. J Med Chem. 44:3994-4000.

Merrill, A.H., Jr., E. Wang, R.E. Mullins, W.C. Jamison, S. Nimkar, and D.C. Liotta.
1988. Quantitation of free sphingosine in liver by high-performance liquid
chromatography. Anal Biochem. 171:373-81.

Mesner, P.W., Jr., Budihardjo, Il, and S.H. Kaufmann. 1997. Chemotherapy-induced
apoptosis. Adv Pharmacol. 41:461-99.

Michael, J.M., M.F. Lavin, and D.J. Watters. 1997. Resistance to radiation-induced
apoptosis in Burkitt's lymphoma cells is associated with defective ceramide
signaling. Cancer Res. 57:3600-5.

Obeid, L.M., C.M. Linardic, L.A. Karolak, and Y.A. Hannun. 1993. Programmed cell
death induced by ceramide. Science. 259:1769-71.

Ogretmen, B., D. Schady, J. Usta, R. Wood, J.M. Kraveka, C. Luberto, H. Birbes, Y.A.
Hannun, and L.M. Obeid. 2001. Role of ceramide in mediating the inhibition of
telomerase activity in A549 human lung adenocarcinoma cells. J Biol Chem.
276:24901-10.

Olshefski, R.S., and S. Ladisch. 2001. Glucosylceramide synthase inhibition enhances

vincristine-induced cytotoxicity. Int J Cancer. 93:131-8.

Quillet-Mary, A., J.-P. Jaffrezou, V. Mansat, C. Bordier, J. Naval, and G. Laurent. 1997.

Implication of mitochondrial hydrogen peroxide generation in ceramide-induced

apoptosis. J. Biol. Chem. 272:21388-21395.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 30

Riboni, L., R. Campanella, R. Bassi, R. Villani, S.M. Gaini, F. Martinelli-Boneschi, P.
Viani, and G. Tettamanti. 2002. Ceramide levels are inversely associated with
malignant progression of human glial tumors. Glia. 39:105-13.

Scudiero, D.A., A. Monks, and E.A. Sausville. 1998. Cell line designation change:
multidrug-resistant cell line in the NCI anticancer screen. J Natl Cancer Inst.
90:862.

Selzner, M., A. Bielawska, M.A. Morse, H.A. Rudiger, D. Sindram, Y.A. Hannun, and
P.A. Clavien. 2001. Induction of apoptotic cell death and prevention of tumor
growth by ceramide analogues in metastatic human colon cancer. Cancer Res.
61:1233-40.

Senchenkov, A., D.A. Litvak, and M.C. Cabot. 2001. Targeting ceramide metabolism--a
strategy for overcoming drug resistance. J Natl Cancer Inst. 93:347-57.

Stoica, B.A., V.A. Movsesyan, P.M.t. Lea, and A.l. Faden. 2003. Ceramide-induced
neuronal apoptosis is associated with dephosphorylation of Akt, BAD, FKHR,
GSK-3beta, and induction of the mitochondrial-dependent intrinsic caspase
pathway. Mol Cell Neurosci. 22:365-82.

Van Overmeire, |, S. Boldin, K. Venkataraman, R. Zisling, S. De Jonghe, S. Van
Calenbergh, D. De Keukeleire, A. Futerman, and P. Herdewijn. 2000. Synthesis
and biological evaluation of ceramide analogues with substitiuted aromatic rings
or an allylic fluoride in the sphingoid moiety. J Med Chem. 43:4189-4199.

Wang, X.Z., J.R. Beebe, L. Pwiti, A. Bielawska, and M.J. Smyth. 1999. Aberrant
sphingolipid signaling is involved in the resistance of prostate cancer cell lines to

chemotherapy. Cancer Res. 59:5842-8.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 31

Wieder, T., C.C. Geilen, T. Kolter, F. Sadeghlar, K. Sandhoff, R. Brossmer, P. lhrig, D.
Perry, C.E. Orfanos, and Y.A. Hannun. 1997. Bcl-2 antagonizes apoptotic cell
death induced by two new ceramide analogues. FEBS Lett. 411:260-4.

Yoon, H.T., H.S. Yoo, B.K. Shin, W.J. Lee, H.M. Kim, S.P. Hong, D.C. Moon, and Y.M.
Lee. 1999. Improved fluorescent determination method of cellular sphingoid

bases in high-performance liquid chromatography. Arch Pharm Res. 22:294-9.

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 32

Footnotes

FUNDING: This work was supported by Department of Defense Breast Cancer
Research Grant DAMD17-01-1-0432 (A.P.S), National Institute of Health Grant 5
MOI RR05096-10 (S.C. with GCRC), and National Institute of Health Grant

HL16660 (R.B.)

Please send reprint requests to: Barbara S. Beckman, Ph.D.
Professor
Department of Pharmacology
Tulane University Health Science Center
1430 Tulane Avenue, SL-80

New Orleans, LA 70112

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.062760
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #62760 33

Legends for Figures

Fig. 1. The MCF-7TN-R breast cancer cell variant is resistant to the cytotoxic effects of
TNF-o. Cultured MCF-7TN-R (closed circles, ®) or MCF-7N (open circles, O) breast

cancer cell variants were treated with increasing doses of TNF. After 48 hr, cell viability
was estimated using the MTT assay. Data are presented as percent viability of vehicle-

treated control cells. Mean values + S.E. of four different experiments in triplicate are

reported.

Fig. 2. Resistant MCF-7 cells do not accumulate significant levels of ceramide following
TNF-o treatment. MCF-7TN-R or MCF-7N cell variants were exposed to 10 ng/ml TNF-
o for the indicated times. Cells were fixed in ice-cold methanol, harvested, and

ceramide levels were measured. Changes in ceramide levels are expressed as fold

change over vehicle-treated control (normalized to one). ®, MCF-7TN-R; O, MCF-7N.

Mean values + S.E. are reported.

Fig 3. Effect of Cer treatment is similar in MCF-7TN-R and MCF-7N cells. MCF-7 cells
variants were incubated with the indicated doses of Cer for 48 hr. Following incubation,

cell viability was estimated using the MTT assay. Data are presented as percent

viability of vehicle-treated control cells. ®, MCF-7TN-R; O, MCF-7N. Mean values +

S.E. of four different experiments in triplicate are reported.
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Fig 4. Structures of D-erythro-C8-ceramide (Cer), D-erythro-4,5-dihydro-C8-ceramide
(DH-Cer), and the D-erythro-C8 ceramides in which the degree of saturation in the long-

chain base was modified.

Fig 5. 4,6-Diene-Cer is highly effective at inducing MCF-7 cell death. (A) Effect of
novel analogs on cell viability. MCF-7TN-R variant was treated with Cer, DH-Cer, or
ceramide analogs for 48 hr. Following incubation, cell viability was estimated using the
MTT assay. Data are presented as mean from at least four experiments and are
expressed as percent viability of vehicle-treated control cells. (B) Comparison of novel
analogs at the ICso of Cer (30 uM). The percent viability of each analog at 30 uM after
48 hr., the ICsp of Cer, is shown. Data are presented as mean + SEM of at least four
experiments performed in triplicate. *, p < 0.05 compared with Cer-treated MCF-7 cells.

Note: S.E. is not shown in (A) for simplicity, but is shown for (B).

Fig 6. 4,6-Diene-Cer induces apoptosis in MCF-7 cells. MCF-7N cells were treated
with either vehicle (A), Cer (B), or 4,6-diene-Cer (C) for 24 hr at 30 uM. Cells were
analyzed by flow cytometry with Annexin V and propidium iodide to determine the
percent apoptosis. Similar results were obtained for three experiments. (D) Average
percentage of cells in viable and early apoptotic populations. Data are presented as

mean = S.E. from three independent experiments. * p < 0.05; **, p <0.01

Fig 7. 4,6-Diene-Cer causes mitochondrial depolarization and release of cytochrome c.

(A) MCF-7 cells were treated with Cer or (B) 4,6-diene-Cer (30 uM) for 8,16,0r 24 hr.
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Cells were fractionated using centrifugation and cytosolic proteins were analyzed by
immunoblotting with anti-cytochrome c, anti-cytochrome c oxidase II, or -actin.
Cytochrome c oxidase serves as a marker for mitochondrial contamination of cytosolic
fractions. Purified cytochrome ¢ was used as a positive control for cytochrome ¢
staining, a whole cell lysate was used as a (+) control for cytochrome oxidase, and anti-
B-actin was used as a control for protein loading. Data shown are representative results
from three separate experiments. (C) MCF-7 cells were treated with DH-Cer, Cer, 4,6-
diene-Cer (30 uM) for the indicated times. Change in mitochondrial membrane potential
was estimated using a ratio of JC-1 fluorescence at 590 nm (green) and 530 nm (red)
as described in Methods. Data are presented as mean + S.E. of three experiments

performed in quadruplicate.

Fig. 8. 4,6-Diene-Cer treatment results in prolonged elevation of intracellular ceramide.
MCEF-7 cells were treated with ceramide analogs (30 uM) for the indicated times. Cells
were fixed in ice-cold methanol, harvested, and ceramide levels were measured.

Changes in ceramide levels are expressed as fold change over vehicle-treated control.

Mean values + S.E. are reported. *, p <0.05; **, p< 0.01; #, p < 0.001

Fig 9. 4,6-Diene-Cer is effective in inducing apoptosis in other breast cancer cell lines.
(A) MDA-MB-231 or (B) NCI/ADR-RES breast cancer cells (formerly known as MCF-
7/ADR) were treated with Cer or 4,6-diene-Cer for 24 hr. Following incubation, cell

viability was estimated using the MTT assay. Data are presented as percent viability of
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vehicle-treated control cells. O, DH-Cer; ®, Cer; O, 4,6-diene-Cer. Mean values *

S.E. of three different experiments in triplicate are reported.

Fig 10. Normal breast epithelial cells are more refractory to ceramide analog treatment.
Human mammary epithelial cells were treated with Cer or 4,6-diene-Cer for 24 hr.
Following incubation, cell viability was estimated using the MTT assay. Data are
presented as percent viability of vehicle-treated control cells. Mean values = S.E. of
three different experiments in triplicate are reported. (Note: The dose-response curves

of Cer and 4,6-diene-Cer in MCF-7 cells are shown for comparison.)
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