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ABSTRACT
Apoptosis induced by antitumor phospholipid analogs takes
place after the inhibition of the CTP:phosphocholine cytidylyl-
transferase (CCT; EC 2.7.7.15) catalyzed step of phosphatidyl-
choline (PtdCho) biosynthesis. Exposure of cells to synthetic
short-chain ceramide analogs also triggers apoptosis concom-
itant with decreased PtdCho biosynthesis, and the present
study was undertaken to ascertain whether C2-ceramide inhi-
bition of PtdCho synthesis is direct or secondary to other
ceramide-mediated cellular responses. The exposure of COS-7
cells to either C2-ceramide, ET-18-OCH3, or farnesol resulted in

time- and dose-dependent apoptotic cell death. Cells treated
with C2-ceramide or ET-18-OCH3 selectively and immediately
accumulated phosphocholine, whereas CDP-choline increased
with farnesol treatment. In vitro assays of CCT activity demon-
strated that C2-ceramide directly inhibited CCT. Comparison of
different N-linked sphingosine derivatives suggests an inverse
relationship between the length of the N-linked carbon chain
and the derivatives ability to trigger apoptosis and inhibit CCT.
Taken together, our results suggest CCT as a primary target for
C2-ceramide inhibition that accounts for its cytotoxic effects.

Regulation of phosphatidylcholine (PtdCho) metabolism is
a vital facet of cell biology, with implications in the control of
cell proliferation and programmed cell death or apoptosis
(Lykidis and Jackowski, 2000). Biosynthesis of PtdCho oc-
curs via the CDP-choline pathway (Kennedy and Weiss,
1956) and involves three enzymatic reactions. Choline is first
phosphorylated to phosphocholine, which is activated by CTP
to yield cytidinediphosphocholine, and PtdCho is synthesized
by transferring the phosphocholine moiety of cytidinediphos-
phocholine to diacylglycerol. These reactions are catalyzed by
choline kinase, CTP:phosphocholine cytidylyltransferase
(CCT; EC 2.7.7.15), and CPT, respectively (Kennedy and
Weiss, 1956; Kent, 1995). The rate-limiting step in this path-
way is the CCT-catalyzed reaction and the activity of this
enzyme is highly regulated. CCT is potently controlled by
lipid regulators that bind to the amphipathic helical domain
(Yang et al., 1995) or the carboxyl-terminal domain of CCT
(Lykidis et al., 2001) to modulate activity.

An emerging body of evidence connects the inhibition of

PtdCho biosynthesis with apoptosis in a variety of experi-
mental systems (Voziyan et al., 1993; Haug et al., 1994;
Boggs et al., 1995; Miquel et al., 1998; Anthony et al., 1999;
Yen et al., 1999), and the Kennedy pathway is a direct target
for cytotoxic drugs. For instance, the inhibition of CCT both
in vivo and in vitro by the antitumor phospholipid analogs,
ET-18-OCH3 (or edelfosine) and hexadecylphosphocholine (or
miltefosine), are well characterized (Voziyan et al., 1993;
Boggs et al., 1998). The apoptogenic isoprenoids farnesol and
geranylgeraniol inhibit CPT activity, and similar results
have been obtained with other compounds, such as campto-
thecin, etoposide, and chelerythrine (Voziyan et al., 1993;
Haug et al., 1994; Miquel et al., 1998; Anthony et al., 1999).
The inhibitory action on PtdCho synthesis, either at the
CCT- or the CPT-catalyzed steps, correlates with the cyto-
toxic properties of these drugs, although farnesol may also
induce apoptosis independent of its effect on PtdCho synthe-
sis (Wright et al., 2001). The observations that choline defi-
ciency induces apoptosis (Yen et al., 1999, 2001), that either
CCT overexpression or PtdCho supplementation rescues cells
from apoptosis induced by antineoplastic phospholipids (Ba-
burina and Jackowski, 1998; Boggs et al., 1998), and that
transfer of a mutant cell line with a thermosensitive CCT to
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the nonpermissive temperature triggers apoptosis (Cui et al.,
1996) strongly support the hypothesis.

Ceramide is an intracellular signaling molecule implicated
in the induction of apoptosis (Hannun and Luberto, 2000).
N-linked, short carbon-chain derivatives of sphingosine are
widely used as cell-permeable analogs of ceramide to mimic
its cellular actions (Luberto and Hannun, 2000). Ceramide
analogs inhibit PtdCho synthesis (Bladergroen et al., 1999;
Allan, 2000; Ramos et al., 2000; Vivekananda et al., 2001),
and the pattern of metabolic intermediate accumulation in
cells exposed to C2-ceramide points to CCT as the target
(Allan, 2000; Vivekananda et al., 2001), whereas C6-cer-
amide may inhibit CPT (Bladergroen et al., 1999). It is not
known whether the effects of ceramide analogs are caused by
direct inhibition of Kennedy pathway enzymes, as is the case
for ET-18-OCH3, or may be more complex and secondary to
other ceramide-mediated responses, as proposed recently
(Awasthi et al., 2001).

We show that C2-ceramide induces apoptosis in COS-7
cells and inhibits CCT activity in both whole cells and in vitro
enzyme assays, and we uncover a relationship between the
ability of different N-linked carbon chain ceramide analogs to
inhibit CCT and their cytotoxic properties.

Materials and Methods
Materials. Dulbecco’s modification of Eagle’s minimal essential

medium (DMEM) was purchased from BioWhittaker (Walkersville,
MD). Trypan blue, trypsin, phosphate-buffered saline (PBS), penicil-
lin/streptomycin, LipofectAMINE reagent, and Geneticin (G418)
were purchased from Invitrogen (Carlsbad, CA). Fetal calf serum
(FCS) was from Atlanta Biologicals (Norcross, GA). [methyl-3H]Cho-
line chloride (80 Ci/mmol) and cytidine diphospho-[methyl-14C]cho-
line (55 mCi/mmol) were purchased from American Radiolabeled
Chemicals (St. Louis, MO). Phospho-[methyl-14C]choline (58 mCi/
mmol) was supplied by Amersham Biosciences (Piscataway, NJ).
C2-ceramide, C2-dihydroceramide, C6-ceramide, C16-ceramide, ET-
18-OCH3, and farnesol were all obtained from Calbiochem-Novabio-
chem (San Diego, CA). Diolein and oleic acid were supplied by Avanti
Polar Lipids (Birmingham, AL) or Sigma-Aldrich (St. Louis, MO). In
situ cell death detection kit was purchased from Roche Applied
Science (Indianapolis, IN). Silica gel thin-layer chromatography
plates were supplied by Analtech (Newark, DE). All other chemicals
and supplies were reagent grade or better. COS-7 cells were obtained
from the laboratory of J. Ihle (St. Jude Children’s Research Hospital,
Memphis, TN).

Cell Culture. COS-7 cells were routinely grown in DMEM sup-
plemented with 10% (v/v) FCS, fresh 2 mM glutamine, penicillin (50
units/ml), and streptomycin (50 �g/ml), and maintained in a humid-
ified atmosphere of 5% CO2/95% air at 37°C. Before treatment, cells
were trypsinized, counted, and seeded in complete DMEM supple-
mented with 0.5% (v/v) FCS, and incubated at least 2 h to allow cells
to attach. After attachment, C2-ceramide (in ethanol), ET-18-OCH3

(in ethanol), or farnesol (in ethanol) were added at the indicated
concentration. Ethanol was added to control cells so that the final
concentration of vehicle was �0.2% in control and treated cultures.
After incubation for the indicated times, adherent and floating cells
were collected for analysis.

For CCT assays, COS-7 cells were transiently transfected with
pcDNA3.1 vector containing the rodent CCT� cDNA (Lykidis et al.,
2001). Briefly, cells at 80% confluence were exposed to Lipo-
fectAMINE reagent complexed with DNA and incubated for 12 h in
medium without serum, after which time the medium was replaced
with fresh medium containing 10% FCS. Cells were harvested 24 h
later, washed with PBS, and cell pellets were stored at �20°C up to

2 weeks. Cells were also cultured in medium containing 500 �g/ml
G418 and stable resistant clones were selected. Ten independent
clones were screened for overproduction of PtdCho by metabolic
labeling with [methyl-3H]choline as described below. Two indepen-
dent clones were found which overexpressed CCT activity to the
same extent as in transiently transfected cells and one was used for
enzyme assays.

Viability Determinations. Cells were seeded at a density of
6.125 � 105 cells in 35-mm culture dishes. After 18 h of incubation,
cells were collected, 0.2% (v/v) trypan blue was added, and cells were
counted in a hemocytometer. Total cell numbers were calculated
from the average of four different fields with at least 100 cells each.
Cells that excluded the vital dye were divided by the total number of
cells and multiplied by 100 to calculate the percentage viable.

Analysis of Cellular DNA Content. After 18 h of treatment,
floating cells were collected from the medium by centrifugation and
adherent cells were trypsinized, washed with PBS, and combined.
Washed cells were resuspended in 0.05 mg/ml propidium iodide,
0.1% (w/v) sodium citrate, 0.1% (v/v) Triton X-100 at a concentration
of 106 cells/ml. Cells were treated 30 min with 0.2 mg/ml ribonucle-
ase in 10 mM Tris-HCl, pH 7.5, 15 mM NaCl, and filtered through
nylon mesh with a 40-�m pore size. Particulate DNA was quanti-
tated by flow cytometry at the St. Jude Flow Cytometry facility.

Electron Microscopy. Cells were seeded at 1.75 � 106 cells in
DMEM containing 0.5% FCS, in 60-mm culture dishes, and allowed
to attach for 2 h. Cells were then incubated 18 h with 40 �M
C2-ceramide or ethanol, then rinsed with PBS and fixed with 2% (v/v)
glutaraldehyde in PBS. After fixation, cells were scraped and pel-
leted by centrifugation. Cell pellets were postfixed with a solution
containing 1% (v/v) osmic acid in PBS and stained with 2% uranyl
acetate in ethanol. Pellets were dehydrated in graded ethanol (50 to
100%) and embedded in Spurr’s resin. Thin sections were post-
stained with uranyl acetate and Reynolds lead citrate. Samples were
examined with a JEOL 1200 Ex microscope.

Quantitation of Apoptosis. Apoptotic cells were detected by
terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) as
described previously (El Mouedden et al., 2000). Trypsinized cells
and media were centrifuged, and pelleted cells were rapidly rinsed
with PBS containing 1% bovine serum albumin and fixed in 4%
formaldehyde for 1 h. After centrifugation and rinsing with PBS,
cells were transferred to 96-well plate and treated with 0.3% H2O2 in
methanol for 10 min to quench endogenous peroxidase activity. Ap-
optotic cells were detected by terminal deoxynucleotidyl transferase-
mediated extension of 3�-hydroxyl ends of fragmented DNA, using
fluorescein-labeled dUTP as a precursor, according to the instruc-
tions from the supplier. DNA-bound fluorescein was detected by
reaction with antifluorescein antibody conjugated to peroxidase. Per-
oxidase activity in immunocomplexes was visualized by reaction of
diaminobenzidine in H2O2. Cells were resuspended in PBS, spread
on poly(lysine)-coated slides and allowed to air dry. Cells were then
counterstained with methyl green, rinsed with distilled water, and
the preparations were mounted using permanent medium. Quanti-
tation of apoptotic nuclei was made on slides from each experiment,
using an E600 Nikon light microscope with a 50� objective and a
10� eyepiece. We counted all nuclei exhibiting a frank brown label-
ing. These nuclei most often displayed typical alterations such as
pyknosis, crescent-like condensation of chromatin, or segregation
into apoptotic bodies. The incidence of apoptotic nuclei was given as
the percentage relative to total nuclei. At least 100 cells were
counted for each determination.

Metabolic Labeling of Cells. Cells were seeded at a density of
8.75 � 105 cells in 60-mm dishes in complete medium and incubated
for 24 h. The medium was then replaced with medium containing
0.5% serum, and [methyl-3H]choline was added (10 �Ci/ml), at the
same time as C2-ceramide or other agents at the indicated concen-
trations and times. After incubation, the medium was removed and
cells were washed twice with ice-cold PBS. Cells were harvested on
ice, washed with 1 ml of PBS, and then pelleted for extraction of
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lipids (Bligh and Dyer, 1959). Briefly, the pellet was resuspended in
0.1 ml water, and 0.24 ml of methanol and 0.15 ml of chloroform were
added. After 10 min at room temperature, 0.15 ml of chloroform and
0.12 ml of water were added. The tubes were capped, shaken vigor-
ously and then centrifuged to clearly separate the two phases. Total
radioactivity in the upper (aqueous) and lower (organic) phases was
quantified by scintillation counting. To separate the water-soluble
[3H]choline metabolites, 0.2-ml aliquots of the upper phase were
evaporated, resuspended in 40 �l of water, and spotted onto pread-
sorbent Silica Gel G thin-layer chromatography plates, which were
developed in 95% ethanol/2% NH4OH (1:1, v/v). Identification of
radiolabeled choline, phosphocholine, and CDP-choline was made by
comigration with authentic standards. The radiolabeled lipid in the
lower phase was �95% PtdCho at the time points in this study, as
verified by thin-layer chromatography on Silica Gel G plates devel-
oped in chloroform/acetic acid/methanol:water (5:2:4:1, v/v). Quanti-
tation was done by scraping into liquid scintillation vials the silica
gel from regions corresponding to migration of the standards.

CCT Assay. COS-7 cells overexpressing CCT were lysed, and CCT
protein was partially purified and delipidated essentially as de-
scribed previously (Vance et al., 1980). Briefly, the lysis buffer con-
tained 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, 5 mM NaF, and 1 �M Na3VO4. After a 30-min
incubation on ice to allow cell swelling under the hypotonic condi-
tions, cells were disrupted by sonication in a sonifier (Misonix, Inc.,
Farmingdale, NY) equipped with a cup horn three times for 30-s
intervals. Cell debris was removed by low-speed centrifugation. The
supernatant was loaded onto a 1-ml DEAE-Sepharose column, which
was washed in succession with 2 ml of lysis buffer, 1.5 ml of lysis
buffer plus 1% Triton X-100, to remove endogenous lipid, 2 ml of lysis
buffer to remove Triton X-100, and finally 1.5 ml of 0.25 M NaCl in
lysis buffer. CCT activity, which eluted in the 0.25 M NaCl fraction,
was determined in an in vitro assay by measuring the incorporation
of phospho-[methyl-14C]choline into cytidine diphospho-[methyl-
14C]choline using a method essentially as described previously
(Awasthi et al., 2001). The assays contained 150 mM bis-Tris-HCl,
pH 6.5, 10 mM MgCl2, 2 mM CTP, 40 �M PtdCho/oleic acid (1:1), 1
mM [14C]phosphocholine (specific activity, 4.2 mCi/mmol), and 5 to
20 �g of delipidated lysate protein. C2-ceramide, C2-dihydroceram-
ide, C6-ceramide, C16-ceramide, (in ethanol), ET-18-OCH3 (in etha-
nol), or farnesol (in ethanol) were prewarmed to 37°C and added to
the assays. Control assays contained solvent alone, which did not
significantly alter enzyme activity. Assays (50 �l) were started by
the addition of [14C]phosphocholine, incubated for 15 min at 37°C,
and stopped by addition of 5 �l of 0.5 M EDTA. Aliquots (40 �l) of

each assay were spotted onto preadsorbent Silica Gel G thin-layer
plates and developed in 95% ethanol/2% NH4OH (1:1, v/v). Identifi-
cation of CDP-choline product was made on the basis of comigration
with authentic standard, and quantitation was performed using an
Imaging Detector BioScan (Washington, DC). Assays were done in
duplicate and the experiment was repeated twice.

Results
In the first series of experiments, we studied the effect of

C2-ceramide on COS-7 cell viability, and compared it with
that of the known inhibitors of PtdCho biosynthesis, ET-18-
OCH3 and farnesol. C2-Ceramide induced cell death in a
dose-dependent fashion, as did inhibitors of PtdCho synthe-
sis (Fig. 1). The half-maximal effective concentration of C2-
ceramide was about 20 �M, whereas those of ET-18-OCH3

and farnesol were 7 �M and 25 �M, respectively.
Further experiments were designed to establish the apo-

ptotic nature of the cell death induced by C2-ceramide in
COS-7 cells. Analysis of the cell DNA content by flow cytom-
etry revealed a clear increase of subdiploid DNA nuclei (de-
noted as M1 in Fig. 2) in cells treated with C2-ceramide for
18 h (Fig. 2B). A similar incidence of cells with fragmented
DNA appeared after treatment with ET-18-OCH3 or farnesol
(Fig. 2, C and D). Interestingly, cells treated with C2-cer-
amide or ET-18-OCH3 had an increased number of tetraploid
nuclei, indicating significant accumulation of cells in G2/M
phases (Fig. 2, B and C). These data indicate a delay, or
possibly a block in cell cycle progression, associated with
C2-ceramide or ET-18-OCH3 treatment, but not with farnesol
treatment (Fig. 2, D). Ultrastructural analysis of COS-7 cells
treated with C2-ceramide displayed typical apoptotic fea-
tures such as cell shrinkage, vesiculation, and nuclear chro-
matin condensation compared with control cells (data not
shown). We also detected the appearance of DNA strand
breaks by TUNEL staining (data not shown), indicative of
intranucleosomal DNA fragmentation and consistent with
the induction of apoptosis by C2-ceramide. The incidence of
apoptosis increased with C2-ceramide concentration and with
the duration of incubation.

A quantitative assessment of the time course of appear-

Fig. 1. C2-ceramide, ET-18-OCH3, and farnesol reduce COS-7 cell viability. Cells were treated with the indicated concentrations of C2-ceramide (A),
ET-18-OCH3 (B), or farnesol (C) for 18 h. Viability was determined by trypan blue exclusion. Data represent the mean � range of duplicate
determinations from a representative experiment, which was repeated three times with essentially the same results.
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ance of TUNEL-positive nuclei revealed that apoptosis was
not evident in the cell population until 4 h after addition of
C2-ceramide and was not complete until after 20 h. Maxi-
mum response to C2-ceramide was obtained with 40 �M
ceramide both in the induction of cell death and in the ap-
pearance of TUNEL-positive nuclei. Similar data were ob-
tained with ET-18-OCH3 and farnesol treatment of cells (Fig.
1, B and C), supporting the idea that the toxic effects of
C2-ceramide were caused by programmed cell death, and in
this regard, the effects are comparable with those of ET-18-
OCH3 and farnesol.

The next experiments investigated the inhibitory effect of
C2-ceramide on PtdCho biosynthesis. The total uptake of
[3H]choline by cells was not affected by C2-ceramide (Fig. 3,
A), demonstrating that inhibition of PtdCho synthesis was
not caused by reduced [3H]choline transport. In agreement
with previous reports (Bladergroen et al., 1999; Allan, 2000;
Ramos et al., 2000), we observed a significant block in Ptd-
Cho labeling with [3H]choline within 2 h after addition of 40
�M C2-ceramide (Fig. 3C). The incorporation of [3H]choline
into lipid was inhibited about 75% by C2-ceramide through-
out the time course up to 6 h. A reciprocal accumulation of
the total water-soluble PtdCho precursors accompanied the
block in PtdCho biosynthesis and was also evident within 2 h
(Fig. 3B) and continued through to 6 h, by which time the
intracellular pools of PtdCho precursors were equilibrated
with [3H]choline as indicated by the plateau in the labeling
kinetics. The individual PtdCho precursors labeled by
[3H]choline were quantitated and the data revealed that both
intracellular choline and phosphocholine increased after C2-
ceramide treatment (Fig. 4, A and B), whereas the CDP-
choline level was essentially unchanged (Fig. 4C). Phospho-
choline, a substrate for the CCT reaction, was the largest
pool and was about three times larger in ceramide-treated
cells that in control cells. These results led us to conclude
that the reaction catalyzed by CCT was inhibited by C2-
ceramide in cells. We then compared the distribution of
PtdCho precursors after C2-ceramide treatment with the
distribution of precursors resulting from treatment with
ET-18-OCH3 or with farnesol (Fig. 5). ET-18-OCH3 inhib-
its CCT (Boggs et al., 1995) and farnesol inhibits CPT
(Miquel et al., 1998), the subsequent step in PtdCho bio-
synthesis. Exposure of COS-7 cells to either ET-18-OCH3

or farnesol resulted in the inhibition of [3H]choline incor-
poration into lipid (Fig. 5A), similar to treatment with
C2-ceramide. However, ET-18-OCH3 elicited the selective
accumulation of phosphocholine (Fig. 5B), as did C2-cer-
amide, whereas farnesol induced a clear increase in CDP-
choline without affecting phosphocholine levels (Fig. 5C).
Therefore, our results show that C2-ceramide effects on
PtdCho metabolism in COS-7 cells are caused by the se-
lective inhibition of CCT. This CCT inhibition could be due
to either a direct effect on the enzyme or to other metabolic
actions or signaling cascades affected by C2-ceramide.

To determine whether inhibition of CCT was a direct effect
of C2-ceramide, we overexpressed CCT in COS-7 cells and
performed in vitro assays of CCT activity in partially purified
cell extracts. The CCT activity was totally dependent on lipid
addition to the assay and both C2-ceramide and ET-18-OCH3

inhibited the lipid activation of CCT (Fig. 6). The ranges of
effective concentrations of these inhibitors were remarkably
similar to those required for the induction of apoptosis (Fig.
1), whereas farnesol did not affect CCT activity. On the other
hand, C2-ceramide and ET-18-OCH3, at concentrations up to
those maximally effective for the induction of apoptosis, did
not inhibit CPT activity in vitro as measured in microsomes
prepared from COS-7 cells (data not shown).

Previous reports agree that the short-chain analogs C2-
ceramide, C6-ceramide, and C8-ceramide inhibit to different
extents the rate of PtdCho synthesis (Bladergroen et al.,
1999; Allan, 2000; Vivekananda et al., 2001), whereas the
longer chain C16-ceramide does not seem to have any signif-
icant effect on this pathway (Bladergroen et al., 1999). It has

Fig. 2. Analysis of DNA content of COS-7 cells after treatment with
C2-ceramide, ET-18-OCH3, and farnesol. Cells were treated with 40 �M
C2-ceramide (B), 4 �M ET-18-OCH3, (C) 15 �M farnesol (D), or vehicle (A)
for 18 h. DNA per cell nucleus was quantitated by flow cytometry as
described under Materials and Methods. The results are representative of
two independent experiments.
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been proposed that C2-ceramide would inhibit the CCT-cat-
alyzed step (Allan, 2000; Vivekananda et al., 2001), whereas
C6-ceramide might act on CPT (Bladergroen et al., 1999).
Regardless of these apparently conflicting reports, a clear
relationship between inhibition of enzymes of the Kennedy
pathway and the induction of apoptosis by ceramides has not
been established yet. To address this question, we assayed
CCT activity in vitro in the presence of ceramides with dif-
ferent chain-lengths. We found that C2-ceramide was approx-
imately twice as effective as C6-ceramide in the inhibition of
CCT activity, whereas C16-ceramide or dihydro-C2-ceramide
did not have any significant effect (Fig. 7, A). The rank order
of efficacies for CCT inhibition was C2 � C6 � C16 � dihy-
droC2 in a 15-min assay and was closely mirrored by the
abilities of the different ceramides to induce apoptosis as
quantified by the TUNEL technique after a 20-h treatment
(Fig. 7B). The lack of inhibition by dihydro-C2-ceramide
shows the requirement for the 4–5-trans double bond both to
inhibit CCT and to induce apoptosis, whereas the lack of
inhibition by the C16-ceramide argues against inhibition of
CCT by the naturally occurring long-chain ceramides. These
data also identify CCT as a primary intracellular target for
the short-chain C2- and C6-ceramides that can account for
their cytotoxic effects.

Discussion
Our data point to the direct inhibition of PtdCho synthesis

at the CCT step as the underlying mechanism for C2-cer-

amide-induced apoptosis. The overall characteristics of the
cellular responses to C2-ceramide were the same in our ex-
perimental system as reported previously in other cell lines.
Based on the reduction of cell viability, detection of DNA
fragmentation by propidium iodide/flow cytometry, electron
microscopy, and the TUNEL staining technique, our results
demonstrate that exposure of COS-7 cells to C2-ceramide
induces cell death through an apoptotic mechanism, which is
in agreement with the emerging consensus in the field (Han-
nun and Luberto, 2000; Luberto and Hannun, 2000). Fur-
thermore, our data showing reduction in cell viability and
DNA fragmentation in cells treated with either ET-18-OCH3

or farnesol are also in accordance with the established apop-
togenic properties of these compounds (Boggs et al., 1998;
Kent and Carman, 1999). Metabolic [3H]choline-labeling ex-
periments extend previous observations on the C2-ceramide
induced inhibition of [32P]orthophosphate incorporation into
neuronal PtdCho (Ramos et al., 2000) to show the selective
accumulation of phosphocholine. Based on the similarity to
the effects of ET-18-OCH3 on Cho metabolism, we hypothe-
sized that C2-ceramide inhibited the same reaction in the
pathway, CCT. This possibility was considered previously
(Allan, 2000; Vivekananda et al., 2001). In this regard, the
inhibitory effect of C2-ceramide on PtdCho synthesis has
been proposed to be secondary to the action of sphingomyelin
synthase, which may form C2-sphingomyelin (Allan, 2000), a
compound known to inhibit CCT (Wieder et al., 1995). Al-
though not necessarily in conflict with this report, our data

Fig. 3. C2-ceramide inhibits PtdCho biosynthesis. Cells were incubated up to 6 h in the presence (f) and absence (�) of 40 �M C2-ceramide in medium
supplemented with [methyl-3H]choline (5 �Ci/ml). Cells were harvested at the indicated times and extracted as described under Materials and
Methods. A, total radioactivity incorporated by cells was determined in aliquots of the harvested cell suspensions. B, the aqueous [3H]choline-
containing metabolites, representing precursors of PtdCho, were quantitated. C, [3H]choline-labeled lipids in the organic phase, representing �95%
PtdCho, were quantitated. The data are means � range from duplicate determinations in a representative experiment. Three independent
experiments were performed with similar results.

Fig. 4. Accumulation of PtdCho precursors after C2-ceramide treatment. The aqueous [3H]choline-labeled metabolites from cells incubated up to 6 h
in the absence (�) or presence (f) of 40 �M C2-ceramide were separated and quantitated after thin-layer chromatography as described under
Materials and Methods. The data represent radioactivity comigrating with authentic choline (A), phosphocholine (B), or CDP-choline (C) and are
means � range of duplicate samples in a representative experiment. Three independent experiments confirmed the same results.

1072 Ramos et al.



provide a simpler explanation, as they demonstrate for the
first time direct inhibition of CCT enzyme activity by C2-
ceramide.

The conclusion that CCT is a primary target accounting for
the cytotoxic effects of the cell permeable ceramides is con-
sistent with the increasing body of evidence supporting the
idea that disturbance of the PtdCho biosynthetic pathway is
in itself an insult capable of initiating the apoptotic cascade
(Lykidis and Jackowski, 2000). Conversely, facilitation of
PtdCho synthesis constitutes a promising cytoprotective
strategy in a variety of pathological conditions (Adibhatla et
al., 2002). Several pieces of data support this hypothesis: (1)
C2-ceramide inhibits CCT by a mechanism similar to that of
the well-characterized ether lysophospholipid analog ET-18-
OCH3; (2) CCT inhibition is an early event in C2-ceramide
action; and (3) the effective C2-ceramide concentrations that
inhibit CCT correspond to those that induce apoptosis.

The mechanisms whereby inhibition of PtdCho synthesis
leads to apoptosis are not well understood. In this regard, the
generation of endogenous ceramide could be considered as a
possible link. Choline deficiency, which induces apoptosis in
a variety of cells (Kent and Carman, 1999; Yen et al., 2001),
is associated with elevated ceramide levels, although the late
onset of ceramide accumulation during the apoptotic process
argues against a cause-effect relationship in this particular
paradigm (Yen et al., 2001). Based on the observation that
fumonisin B1, an inhibitor of ceramide synthase, blocks the
induction of apoptosis by the anticancer, CCT-inhibiting drug
hexadecylphosphocholine, it was proposed that ceramide
generated after the blockade of PtdCho synthesis may con-
stitute the missing link mediating apoptosis (Wieder et al.,
1998). Finally, the exposure of H441 lung cells to C2-cer-
amide increases sphingomyelinase activity (Vivekananda et
al., 2001). Interestingly, similar effects were observed after

addition of sphingosine, a molecule that inhibits CCT (Sohal
and Cornell, 1990) and induces apoptosis (Ohta et al., 1995;
Jarvis et al., 1996). It is tempting to speculate, therefore, that
sphingosine cytotoxicity is caused by direct CCT inhibition.

A challenging aspect of ceramide research is to recapitu-
late cellular functions of ceramide. The cell-permeable cer-

Fig. 5. C2-ceramide inhibits PtdCho biosynthesis in a way similar to ET-18-OCH3 but different from farnesol. Cells were treated with 40 �M
C2-ceramide, 4 �M ET-18-OCH3, 20 �M farnesol, or vehicle in medium supplemented with [methyl-3H]choline (5 �Ci/ml) for 4 h, then the radioactivity
in aqueous and organic phases was quantitated (A). Aqueous choline metabolites were separated by thin-layer chromatography, identified as choline,
phosphocholine (B), or CDP-choline (C) and quantitated as described under Materials and Methods. The data are means � range of duplicate samples
from a representative experiment that was performed twice with similar results.

Fig. 6. Inhibition of choline cytidylyltransferase (CCT) in vitro. COS-7
cell lysates overexpressing CCT� were delipidated as described under
Materials and Methods. CCT� activity was assayed in the presence of
increasing concentrations of C2-ceramide, ET-18-OCH3, or farnesol. Val-
ues are means � S.D. from two independent experiments.
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amide analogs, such as C2-ceramide, were first employed to
provide direct evidence for the biological effects of natural
ceramides (Luberto and Hannun, 2000). However, the abili-
ties of different N-linked sphingosine derivatives to directly

inhibit CCT activity and PtdCho synthesis (whereas the nat-
ural ceramides do not) challenge the wisdom of trusting
short-chain ceramide analogs to exactly mimic the effects of
their natural, long-chain counterparts. Recent evidence indi-
cates that these analogs indirectly generate natural cer-
amide after recycling of their sphingosine backbone via
deacylation/reacylation (Ogretmen et al., 2002). Comparison
of the abilities of C2-, C6-, and C16-ceramides to modify CCT
activity in vitro suggests an inverse relationship between the
length of the N-linked carbon chain and the inhibitory effi-
cacy, which closely mirrors the relative cytotoxic effects of the
different ceramides. These observations are consistent with
results on the global inhibition of PtdCho synthesis by cer-
amide analogs in whole cells (Bladergroen et al., 1999) and
support our proposal that CCT inhibition is a primary effect
of C2-ceramide that eventually results in apoptosis. The
structural similarities among C2-ceramide, lysoPtdCho, and
ET-18-OCH3 suggest that all of these compounds inhibit CCT
in the same manner (Boggs et al., 1995), which is understood
in light of the curvature elastic stress hypothesis for CCT
regulation (Attard et al., 2000). The data also suggest that
the primary effects of C2-ceramide on cells are more similar
to those of sphingosine, a CCT inhibitor, than those of the
naturally occurring long-chain ceramides, which do not in-
hibit CCT (Sohal and Cornell, 1990).
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