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Stimulation of DNA synthesis by natural ceramide 1-phosphate
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We found that natural (long-chain) ceramide 1-phosphate can be

dispersed into aqueous solution when dissolved in an appropriate

mixture of methanol}dodecane (49:1, v}v). This solvent mixture

facilitates the interaction of this phosphosphingolipid with cells.

Under these conditions, incubation of EGFR T17 fibroblasts

with natural ceramide 1-phosphate caused a potent stimulation

of DNA synthesis. This effect was accompanied by an increase in

the levels of proliferating-cell nuclear antigen. Concentrations of

natural ceramide 1-phosphate that stimulated the synthesis of

DNA did not inhibit adenylate cyclase activity, nor did they

stimulate phospholipase D. Natural ceramide 1-phosphate did

INTRODUCTION
The agonist-stimulated breakdown of sphingomyelin plays an

important role in signal transduction [1–3]. Stimulation of cells

with 1,25-dihydroxyvitamin D
$

[4], tumour necrosis factor-α,

interleukin-1 or γ-interferon [1–3] activates a neutral sphingo-

myelinase at the plasma membrane of cells, generating in-

tracellular ceramides and phosphocholine. In addition, ceramides

can be formed through the action of an acidic sphingomyelinase

that is activated by 1,2-diacylglycerol [1–3]. Ceramides are now

recognized to be important second messengers. They can cause:

(a) induction of anti-proliferative effects in human leukaemia

HL-60 cells [4,5] and in rat fibroblasts stimulated with phos-

phatidate (PA), lysoPA [6] or sphingosine 1-phosphate (SPP) [7] ;

(b) a decrease in the mRNA for the proto-oncogene c-myc in

HL-60 cells [8] ; (c) stimulation of protein kinase [9] and phos-

phatase [10] activities ; (d) phosphorylation of the epidermal

growth factor (EGF) receptor in A431 human epidermal car-

cinoma cells [11] ; (e) induction of programmed cell death

(apoptosis) in different cell types [12] ; and (f) up-regulation of

the mRNA levels of cytosolic phospholipase A
#
and a mitogen-

inducible form of cyclo-oxygenase [13]. Exogenous sphingo-

myelinase and cell-permeable ceramides also induce mitogen-

activated protein kinase (MAP kinase) activation in HL-60 cells

[14] ; block the activation of phospholipase D (PLD) by various

agonists, including serum, thrombin, lysoPA and SPP [6,7] ;

stimulate a stress-activated protein kinase [15] ; and decrease the

insulin-induced tyrosine phosphorylation of insulin receptor

substrate-1 [16].

Interestingly, a novel pathway has been described in which

ceramide originating from the action of neutral sphingo-

myelinase, but not glucosylceramidase, is converted into ceramide

1-phosphate (Cer1P) by a Ca#+-dependent kinase [17]. Cer1P has

been detected in human leukaemia HL-60 cells [17] and brain

tissue [18]. Shinghal et al. [18] identified a Cer1P phosphatase in
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not alter the cellular phosphorylation state of tyrosine residues

or of mitogen-activated protein kinase. Furthermore, natural

ceramide 1-phosphate failed to induce the expression of the

proto-oncogenes c-myc and c-fos. Both the stimulation of DNA

synthesis and the induction of proliferating-cell nuclear antigen

by natural ceramide 1-phosphate were inhibited by natural

ceramides. This work suggests that the use of methanol and

dodecane to deliver natural ceramide 1-phosphate to cells may be

useful for elucidation of the biological function(s) and

mechanism(s) of action of ceramide 1-phosphate.

rat brain, suggesting that Cer1P might regulate some aspects of

synaptic vesicle functioning, and Boudker and Futerman [19]

characterized a plasma membrane phosphatase that specifically

hydrolyses Cer1P. Furthermore, Cer1P can be converted into

ceramide by the action of a phosphatidate phosphohydrolase

that is specifically located in the plasma membranes of cells [20].

These results indicate that Cer1P can be turned over and that it

may play an important role in cell activation. However, little is

known about the physiological effects of this phospholipid. It

was demonstrated recently [21] that synthetic short-chain Cer1P

can stimulate the synthesis of DNA and cell division when

presented in a sonicated form in water to subconfluent cultures

of rat fibroblasts. However, natural Cer1P was without effect

under the same conditions.

In the present study we have developed a solvent system for

the efficient delivery of natural Cer1P that allows interaction of

the phospholipid with cells in culture. We show here for the first

time that natural Cer1P, dispersed in methanol}dodecane (49:1,

v}v), stimulates the synthesis of DNA and the expression of

proliferating-cell nuclear antigen (PCNA). The latter is a non-

histone nuclear protein that is essential for cell cycle progression

[22]. We also show that the effects of natural Cer1P can be

blocked by natural ceramides. This work therefore identifies a

biological action of natural Cer1P as a putative mitogenic agent.

The use of an appropriate mixture of methanol and dodecane to

deliver natural Cer1P to cells will probably shed light on the

mechanism by which this phospholipid exerts its physiological

effects.

MATERIALS AND METHODS

Materials

Anti-phosphotyrosine antibodies (4G10) were from UBI (Lake
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Placid, NY, U.S.A.). Antibodies to MAP kinase were from

Zymed Laboratories (San Francisco, CA, U.S.A.). Antibodies to

phosphorylated MAP kinase were from Biolabs (Beverly, MA,

U.S.A.), and antibodies to PCNA were from Concepta Bio-

systems SA (Barcelona, Spain). Dulbecco’s modified Eagle’s

medium (DMEM) was from Biowhittaker (Verviers, Belgium).

Ceramide (type III), cardiolipin (from bovine heart), n-octyl β--

glucopyranoside, dithiothreitol, diethylenetriaminepenta-acetic

acid and sphingomyelinase (from Staphylococcus aureus) were

from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Acetyl

(C
#
)-and octanoyl (C

)
)-ceramides were from Matreya (Pleasant

Gap, PA, U.S.A.). [$H]cAMP radioimmunoassays, Readyprime

labelling kits and [$H]thymidine (49 Ci}mmol) were from

Amersham (Little Chalfont, Bucks, U.K.). Diacylglycerol kinase

was from Calbiochem (San Diego, CA, U.S.A.). Nytran and

PVDF membranes were from Schleicher and Schuell (Keene,

NH, U.S.A.). Pluronic was from Molecular Probes (Eugene,

OR, U.S.A.).

Culture of fibroblasts

EGFR T17 cells (which are NIH 3T3 fibroblasts overexpressing

the human EGF receptor [23]) were maintained in DMEM

supplemented with 10% (v}v) foetal bovine serum, 10 units}ml

penicillin and 10 µg}ml streptomycin. Fibroblasts were seeded at

3¬10% cells}well on 24-well culture dishes and incubated at

37 °C in 5% CO
#
in air for 3 days, except for determinations of

PLD activity, for which 35 mm culture dishes were used with

equivalent cell densities. Where indicated, the fibroblasts were

treated with dispersions of ceramide or Cer1P that were prepared

in solvent mixtures of ethanol or methanol}dodecane (49:1,

v}v), as indicated. The final concentration of solvent in the

medium was about 3.3%. Control incubations of fibroblasts

were treated with equal volumes of solvent in the absence of lipid

for comparison.

Synthesis of Cer1P

Cer1P was prepared enzymically as described by Schneider and

Kennedy [24] and adapted by Preiss et al. [25], with modifications

[21]. Briefly, type III ceramide or C
)
-ceramide (2 mg) was

solubilized by sonication in 5 mM cardiolipin, 7.5% octyl β-

glucopyranoside and 1 mM diethylenetriaminepenta-acetic acid,

and then resuspended in a mixture containing 50 mM imidazole,

pH 6.6, 50 mM NaCl, 100 mM MgCl
#
, 1 mM EGTA and 0.4

unit}ml diacylglycerol kinase. The reaction was started with

25 mM ATP. After 12 h at 37 °C the incubation was supple-

mented with 0.4 unit}ml diacylglycerol kinase and the reaction

was continued for a further 2 h. The reaction was stopped by

extraction of the lipids as previously described [7,21]. The organic

phase was dried under N
#
and the lipids analysed as described in

[7,21]. The lipid was applied to thin-layer plates in chloroform}
methanol (1 :1, v}v). The plates were developed sequentially

with chloroform}methanol}NH
%
OH (65:35:7.5, by vol.) and

chloroform}acetone}acetic acid}methanol}water (10:4 :3 :2 :1,

by vol.). To identify Cer1P on the thin-layer plate, [γ-$#P]ATP

was included in some of the reaction tubes. [$#P]Cer1P was

identified as a single spot at R
F

0.51. Radioactive and unlabelled

Cer1P was eluted with three washes of 3 ml of chloroform}
methanol}acetic acid}water (50:39:1 :1, by vol.). Silica was

removed by centrifugation and filtration, and 1 ml of water was

added to the combined supernatants to separate the phases. The

organic phase was washed once with 1 ml of methanol}water

(1:1, v}v). Cer1P was standardized by phosphate analysis [17]

and was stored in chloroform}methanol (1 :1, v}v) at ®20 °C.

To characterize Cer1P further, it was deacylated in 6 M

HCl}butan-1-ol (1 :1, v}v) for 60 min at 100 °C, and SPP was

resolved by TLC using butan-1-ol}acetic acid}water (3:1 :1, by

vol.). Recovery of Cer1P as SPP was about 65%, as previously

reported [17,21]. SPP was identified using sprays specific for

phosphate and amino groups, and by using an authentic standard

that was prepared as described in [7]. The purity of Cer1P was

confirmed by TLC using two additional solvent systems. System

I consisted of chloroform}methanol}acetic acid (65:15:5, by

vol.), and Cer1P was identified by autoradiography as a single

spot at R
F

0.26. System II consisted of three diferent solvent

mixtures : A, chloroform}methanol}NH
%
OH (65:35:7.5, by

vol.) ; B, chloroform}methanol}acetic acid (9:1 :1, by vol.) ; C,

butan-1-ol}acetic acid}water (3:1 :1, by vol.). Samples were run

sequentially in one dimension as indicated [7]. The positions of

non-phosphate-containing sphingolipids could be identified by

staining with 0.2% 2«,7«-dichlorofluorescein in 95% ethanol and

viewing the lipid spots under light at 366 nm. Cer1P was identified

as a single spot at R
F

0.50 by autoradiography or by spraying the

plates with Molybdenum Blue reagent [7].

Determination of DNA synthesis

Fibroblasts were grown as indicated above and were maintained

in medium containing 0.1% foetal bovine serum for 24 h to

cause growth arrest. Cells were then incubated in the presence or

absence of agonists as indicated for 24 h in serum-free medium,

and [$H]thymidine (0.5 µCi}dish) was added for the last 6 h of

the incubation. The cells were washed twice with PBS and the

incorporation of [$H]thymidine into DNA was measured as

described previously [6,7,21].

Assay of cAMP

For these measurements, the lysates from the cells were boiled

for 5 min and centrifuged at 12000 g for 10 min. Samples of the

supernatants were then used to determine cAMP concentrations

by using a radioimmunoassay kit from Amersham [26].

Assay of PLD activity and ceramide production

The activity of PLD was determined by measuring the ac-

cumulation of [$H]phosphatidylethanol, which is the product of

its transphosphatidylation reaction and is considered to be a

definitive assay for PLD [27]. The labelling of fibroblasts with

[$H]myristate and the details of the PLD assay have been

described previously [28]. The formation of [$H]ceramide was

determined by scraping the ceramide from the same thin-layer

plate as that used for isolating the [$H]phosphatidylethanol. The

identity of the ceramide was confirmed by co-chromatography

with authentic natural ceramide. Similar studies on ceramide

formation were also performed after labelling fibroblasts with

[$H]palmitate under the same conditions [7].

Incorporation of [32P]Cer1P into EGFR T17 fibroblasts

Cells were preincubated in DMEM containing 0.1% BSA for

2 h. [$#P]Cer1P (25 µM; 0.44 Ci}mol), which was sonicated in

water or dispersed in methanol}dodecane (49:1, v}v), was then

added to the cell cultures for the times indicated. The medium

was removed and cells were washed once with DMEM containing

0.1% BSA, and twice with ice-cold PBS. The cells were then

scraped into 0.5 ml of methanol and the dishes washed with an

additional 0.5 ml of methanol. Chloroform (0.5 ml) was then

added to the combined methanol samples. Lipids were extracted
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by separation of the phases with an additional 0.7 ml of chloro-

form, 0.2 ml of methanol and 0.9 ml of 2 M KCl containing

0.2 M H
$
PO

%
. Lipids were separated on glass-backed silica-gel G

thin-layer plates, as previously reported [21]. Radioactive Cer1P

was identified by autoradiography and quantified, after being

scraped from the plates, by liquid scintillation counting.

Western blot analysis of tyrosine and MAP kinase
phosphorylation, and of PCNA

Fibroblasts were incubated for 24 h in DMEM containing 0.1%

foetal calf serum and then treated with agonists in the absence of

serum for 5 min. Cells were lysed on the dishes by addition of

buffer containing 10 mM Tris}HCl, pH 7.2, 150 mM NaCl, 1%

Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 5 mM

EDTA, 20 mM NaF, 1 mM vanadate, 50 µg}ml leupeptin,

50 µg}ml aprotinin and 1 mM PMSF. Proteins were measured

by a colorimetric microassay (Micro BCA; Pierce, Rockford, IL,

U.S.A.). Cell lysates were centrifuged at 12000 g for 15 min at

4 °C. Aliquots of the supernatants were normalized for protein,

mixed with concentrated (5¬) Laemmli sample buffer, boiled for

5 min and then resolved by SDS}PAGE on 7.5%, 8%, 10% and

10% acrylamide}bisacrylamide gels for determination of

phosphotyrosine,MAP kinase, phospho-MAP kinase and PCNA

respectively, under reducing conditions. Proteins were then

transferred to a PVDF membrane. Filters were blocked with

Tris-buffered saline containing 3% BSA for phosphotyrosine

determinations, or with 5% (w}v) non-fat dried milk for MAP

kinase, phospho-MAP kinase and PCNA determinations, and

then incubated overnight. Incubations were continued for 3 h

with anti-phosphotyrosine, anti-(MAP kinase), anti-(phospho-

MAP kinase) and anti-PCNA mouse monoclonal antibodies,

which were diluted 1:40, 1 :3000, 1:1000 and 1:3000 respectively.

Filters were then washed and incubated with a 1:2500 dilution of

goat anti-mouse immunoglobulin conjugated to horseradish

peroxidase. Bound peroxidase activity was visualized by chemi-

luminiscence (Rennaisance; Dupont-NEN, Wilmington, DE,

U.S.A.).

Measurement of intracellular calcium levels

The intracellular Ca#+ concentration was determined by using

the fluorescent probe fura-2 [29], as described by Junco et al. [30].

Briefly, EGFR T17 fibroblasts were grown on glass coverslips

and loaded with fura-2 acetoxymethyl ester (5 µM) for 30 min at

37 °C in DMEM supplemented with Pluronic (100 µM) and

0.1% BSA. Subsequently, cells were washed three times with

PBS and agonists were added after establishment of a steady

baseline for intracellular Ca#+ levels.

Northern blot analysis

EGFR T17 cells were grown to 70–80% confluence in DMEM

supplemented with 10% (v}v) foetal bovine serum. Cells were

then changed to medium containing 0.1% foetal bovine serum

24 h before the addition of the indicated agonists. Total RNA

was isolated by the guanidinium isothiocyanate method [31],

fractionated on a 1% agarose denaturing gel, transferred to

Nytran membranes and hybridized to radiolabelled c-fos [32] or

c-myc [33] cDNA as reported [34]. The probes were random-

prime-labelled with [α-$#P]dCTP using a Readyprime labelling

kit from Amersham. The filters were scanned on a Molecular

Imager GS-250 (Bio-Rad Laboratories, Richmond, CA, U.S.A.).

Presentation of results

All data are expressed as means³S.E.M. unless stated otherwise.

Statistical evaluation was by unpaired Student’s t test.

RESULTS

It has been shown previously that short-chain Cer1P can be used

as an external agonist to stimulate cell proliferation [21]. Ex-

ogenous natural (long-chain) Cer1P was not effective in inducing

the synthesis of DNA under the same conditions, and therefore

the effects of the synthetic short-chain Cer1P were considered to

be pharmacological in nature [21]. In the present study, we show

for the first time that natural Cer1P stimulates the synthesis of

DNA (P! 0.03) potently, when presented to subconfluent

cultures of EGFR T17 fibroblasts in a solvent mixture of

methanol}dodecane (49:1, v}v), after 24 h of incubation (Figure

1). We also demonstrate that both natural Cer1P and C
)
-Cer1P

are able to increase (P! 0.03) the levels of PCNA in the

fibroblasts after 24 h of incubation (Figure 2 and Table 1). We

Figure 1 Stimulation of DNA synthesis by natural Cer1P

EGFR T17 fibroblasts were incubated for 24 h in serum-free DMEM with methanol/dodecane

(49 : 1, v/v) alone (*) or with natural Cer1P (+) at the concentrations indicated. [3H]Thymidine

was present during the last 6 h of the incubation. Results are expressed relative to the control

value in the absence of methanol/dodecane and phospholipid, which is the 0 µM Cer1P
concentration point. The values are given as means³range of two independent experiments

performed in triplicate, except for the point at 25 µM where the values are means³S.E.M. of

five independent experiments. The significance of the difference between incubations in the

absence and presence of 25 µM Cer1P has a value of P ! 0.03. Basal [3H]thymidine

incorporation corresponded to 5600³1786 d.p.m./dish in seven independent experiments.

Figure 2 Stimulation of PCNA expression by Cer1P

EGFR T17 fibroblasts were incubated for 24 h in serum-free DMEM without or with

methanol/dodecane (49 : 1, v/v) alone (vehicle), natural Cer1P (25 µM) or EGF (10 nM) as

indicated. Lysates (30 µg of protein) of the fibroblasts were analysed by SDS/PAGE and

Western blotting, performed as described in the Material and methods section.



438 A. Gomez-Mun4 oz and others

Table 1 Ceramides counteract the stimulation of PCNA expression by
Cer1P

EGFR T17 fibroblasts were incubated for 24 h in serum-free DMEM in the absence or presence

of methanol/dodecane (49 : 1, v/v) (vehicle), EGF (10 nM), natural Cer1P (25 µM), C8-Cer1P
(5 µM), natural ceramides (10 µM) or C2-ceramide (10 µM), as indicated. Lysates (30 µg of

protein) from fibroblasts were analysed by SDS/PAGE, and Western blotting was performed as

described in the Materials and methods section. PCNA spots were quantified by densitometry.

Results are expressed relative to the control value, and are means³S.E.M. of five independent

experiments performed in duplicate. Significance of differences : *P ! 0.03 between incubations

in the absence and the presence of natural Cer1P or C8-Cer1P ; †P ! 0.02 between incu-

bations with natural Cer1P in the absence and the presence of 10 µM natural ceramides, or

with C8-Cer1P in the absence and the presence of 10 µM C2-ceramide.

Addition PCNA levels (fold increase)

None 1.0

Vehicle 1.04³0.15

EGF 2.65³0.43

Natural Cer1P 1.78³0.24*

C8-Cer1P 1.76³0.22*

Natural Cer1P­natural ceramides 0.91³0.21†
C8-Cer1P­C2-ceramide 0.94³0.25†

Figure 3 Incorporation of Cer1P into fibroblasts

EGFR T17 fibroblasts were incubated in serum-free DMEM containing 0.5% BSA for the

indicated periods of time with 25 µM [32P]Cer1P (0.44 Ci/mol), which was delivered in water

(*) or in methanol/dodecane (49 : 1, v/v) (+). Lipids were analysed as described in the

Materials and methods section. Results are from a representative experiment performed in

triplicate, and were confirmed in a second experiment with an extra time point at 5 h. The

incorporation of [32P]Cer1P after 5 h of incubation was about 2-fold greater when the

radiolabelled phospholipid was presented to the cells in methanol/dodecane compared with

water.

found that sonication of natural Cer1P in methanol}dodecane

(49:1, v}v) helps dispersion of this phospholipid in aqueous

solution and facilitates its interaction with the cells. Figure 3

shows that the cellular uptake of [$#P]Cer1P by the fibroblasts

was considerably greater when the radiolabelled phospholipid

was added to the cells in methanol}dodecane than when it was

administered in water.

Cell-permeable ceramides are able to block the stimulation of

DNA synthesis that is induced by PA, lyso-PA [6], SPP [7] or

short-chain Cer1P [21]. However, natural ceramides were without

effect under the same conditions [6]. More recently, Ji et al. [35]

showed that natural ceramides can mimic the effects of cell-

permeable ceramides when they are presented to cells dissolved

in a mixture of ethanol}dodecane (49:1, v}v). The kinetics of the

uptake of natural ceramides by the cells [35] were consistent with

those reported for fluorescent short-chain ceramide analogues,

Figure 4 Inhibition of the Cer1P-stimulated synthesis of DNA by natural
ceramides

EGFR T17 fibroblasts were incubated for 24 h in serum-free DMEM with methanol/dodecane

(49 : 1, v/v) in the absence (*) or presence (+) of 25 µM natural Cer1P and the indicated

concentrations of natural ceramides. [3H]Thymidine was present during the last 6 h of the

incubation. Results are expressed relative to the control value in the absence of methanol/

dodecane and lipids, and are given as means³range (where large enough to be shown) of two

independent experiments performed in triplicate, except for the point at 10 µM ceramide where

the values are means³S.E.M. of three independent experiments. The significance of the

difference between incubations with 25 µM Cer1P in the absence and the presence of 10 µM

ceramide has a value of P ! 0.05.

which are found to be able to insert into plasma membranes

through their hydrophobic tails [36]. We now show that, under

the latter conditions, natural ceramides inhibit the stimulation of

DNA synthesis (P! 0.05; Figure 4) and block the expression of

PCNA (P! 0.02; Figure 2 and Table 1) induced by natural

Cer1P. Also, the cell-permeable C
#
-ceramide decreases the levels

of PCNA induced by C
)
-Cer1P (Table 1). We also found that the

addition of natural ceramides to fibroblasts that were prelabelled

with [$H]myristate increased the production of intracellular

[$H]ceramides. This increase was about 2.2³0.4-fold in two

independent experiments, which is consistent with previous work

using cell-permeable ceramides [7].

Cer1P can be considered to be a structural analogue of PA and

lyso-PA, and the mitogenic effects of the latter phospholipids

have been linked to their ability to decrease cAMP levels in rat

fibroblasts [37]. However, natural Cer1P did not alter the levels

of intracellular cAMP significantly. The relative cAMP con-

centration was 0.96³0.11 (mean³range of two independent

experiments performed in quadruplicate) compared with the

control value, which is in agreement with previous work with

short-chain Cer1P [21].

Many mitogenic agents, including lyso-PA and SPP, stimulate

the generation of PA through the activation of PLD [6,7].

However, in contrast with lyso-PA, which increased PLD activity

by 3.3³0.45-fold (mean³S.E.M. of seven independent experi-

ments), the relative PLD activity in the presence of Cer1P was

0.81³0.06 (mean³range of two independent experiments per-

formed in triplicate) when compared with the control value. This

is also the case for short-chain Cer1P [21], suggesting that

activation of PLD is not essential for the induction of DNA

synthesis. Also, in contrast with the effects of PA, lyso-PA or

EGF, neither natural Cer1P nor C
)
-Cer1P was able to alter the

levels of cellular tyrosine phosphorylation (results not shown) or

the phosphorylation state of MAP kinase within 5–30 min

(Figure 5).

Further experiments were designed to test whether natural

Cer1P could stimulate the expression of c-fos or c-myc, which are

induced upon stimulation by mitogens or cytokines in diverse
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Figure 5 Lack of stimulation of MAP kinase phosphorylation by natural
Cer1P

EGFR T17 fibroblasts were incubated for 24 h in DMEM containing 0.1% foetal calf serum, and

then for 5 min without or with methanol/dodecane (49 : 1, v/v) alone (vehicle), natural Cer1P
(25 µM; for 5 or 30 min) or EGF (10 nM). Lysates (30 µg of protein) of the fibroblasts were

analysed by SDS/PAGE, and Western blotting was performed as described in the Materials and

methods section. The upper panel shows an immunoblot using an anti-(MAP kinase) antibody,

and the lower panel shows an immunoblot using an anti-(phospho-MAP kinase)

antibody. Results are representative of four independent experiments.

Figure 6 Cer1P does not affect c-fos or c-myc gene expression

EGFR T17 fibroblasts were incubated for 24 h in DMEM containing 0.1% foetal calf serum, and

then without or with methanol/dodecane (49 : 1, v/v) alone (vehicle), natural Cer1P (25 µM),

PLD (5 units/ml) or EGF (10 nM) for 30 or 90 min. Northern blot analysis was performed with

30 µg of total RNA. Filters were sequentially hybridized with c-fos and c-myc probes. Relative

amounts of RNA loaded in each lane were visualized by staining the gel with ethidium bromide

(bottom panel). Results shown are representative of three separate experiments.

cell types [38]. Figure 6 shows that, in contrast with EGF or

exogenous bacterial PLD (which was used to generate PA at the

plasma membrane of cells), natural Cer1P failed to induce the

expression of c-fos and c-myc mRNAs. The effects of natural

Cer1P were also determined between 1 and 24 h, and no

significant changes in the expression of these genes were observed.

Ca#+ ions have also been shown to be involved in the induction

of the early events of mitogenesis [39]. Therefore we tested to see

whether Cer1P could modify the intracellular concentration of

Ca#+. Natural Cer1P could not be used to test Ca#+ mobilization,

since the solvent mixture of methanol}dodecane (49:1, v}v) in

which it was dissolved interfered with the fluorescent probe, and

this made the interpretation of results difficult. Instead we used

mitogenic concentrations of C
)
-Cer1P, which was sonicated in

water. In contrast with lyso-PA, C
)
-Cer1P did not elevate the

intracellular concentration of Ca#+ (results not shown).

DISCUSSION

The identification of ceramide kinase [9,40] and phosphatase

[18–20] in cells indicates that ceramides and Cer1P can be

interconverted. These findings, together with the observation

that synthetic short-chain Cer1P can stimulate cell proliferation

[21], raised the possibility that natural Cer1P might be important

in controlling cell activation. However, natural Cer1P when

added to the medium sonicated in water failed to stimulate the

synthesis of DNA in fibroblasts [21]. It was reported recently [35]

that natural ceramides become cell-permeant when they are

dissolved in ethanol}dodecane (49:1, v}v). In the present work,

we synthesized Cer1P from a sample of natural ceramides.

However, the Cer1P that we produced was not soluble in this

solvent mixture. This could have been due to a decrease in the

hydrophobicity of Cer1P compared with ceramide. Therefore we

replaced ethanol with methanol, a less hydrophobic alcohol. This

change was sufficient to bring natural Cer1P into solution, and

it also helped dispersion of the phospholipid into aqueous

solutions. Under these conditions, natural Cer1P interacted

readily with fibroblasts and stimulated the incorporation of

[$H]thymidine into DNA. Furthermore, Cer1P enhanced the

expression of PCNA, a cell-cycle regulator that is present at sites

of ongoing DNA synthesis [22]. It is possible that methanol}
dodecane (49:1, v}v) facilitates the insertion of Cer1P into the

plasma membrane of cells, thus allowing interaction of the

phospholipid with elements that are required for synthesis of

DNA and expression of PCNA. Radiolabelled [$#P]Cer1P, when

added to the incubation medium sonicated in water, also

interacted with the fibroblasts. However, there was a lack of

response to natural Cer1P. This might be due to the inability of

Cer1P to insert appropriately into the plasma membrane of cells

in the absence of dodecane, as indicated for natural ceramide

[35]. Interestingly, Cer1P is not deacylated by ceramidase activity

to produce SPP [18], and [$H]Cer1P synthesized from -erythro-

[$H]sphingosine [21] does not generate significant amounts of

[$H]SPP or [$H]sphingosine, which are also mitogenic for fibro-

blasts [7,41]. We have not detected in the present work any

conversion of natural [$#P]Cer1P into [$#P]SPP; therefore the

stimulation of DNA synthesis and PCNA expression that we

observed were most likely elicited by the natural Cer1P itself.

We also demonstrate here that natural ceramides completely

block the stimulation of DNA synthesis and the expression of

PCNA induced by natural Cer1P. These are important findings,

since they implicate natural ceramides and Cer1P in regulation

of the cell cycle. Our results also suggest that the generation of

ceramides from sphingomyelin, and the activities of ceramide

kinase and ceramide phosphatase, may be tightly coupled to

control the level of the signal that prevails in a cell under specific

circumstances. Therefore, increased concentrations of ceramides

relative to Cer1P would cause the cell to enter apoptosis, whereas

relatively higher concentrations of Cer1P compared with

ceramideswould stimulateDNAsynthesis andPCNAexpression.

The inhibitory effects of natural ceramides are unlikely to be

caused solely by a physical interaction with Cer1P, since 2.5 µM

ceramide almost completely blocked the effect of 25 µM Cer1P

on DNA synthesis. However, exogenous ceramide can also

increase the production of intracellular ceramide, which could

potentiate its anti-mitogenic effects. Activation of PLD may not

be essential for the induction of DNA synthesis or PCNA

expression (i.e. by Cer1P). This observation also indicates that
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the inhibition of PLD by ceramides may not be sufficient for their

anti-mitogenic effects.

Cer1P is a structural analogue of PA, and therefore it could

act through similarmechanisms to cause cell activation. However,

unlike PA or lyso-PA, concentrations of natural Cer1P that

stimulate DNA synthesis did not increase PLD activity, nor did

they decrease cAMP concentrations. It is known that tyrosine

phosphorylation of specific proteins plays a critical role in the

transmission of signals leading to cell proliferation. In this

respect, and in contrastwith lyso-PA,which induces phosphoryla-

tion of the EGF receptor [42], natural Cer1P did not affect

tyrosine phosphorylation. In addition, natural Cer1P failed to

modify the phosphorylation state of MAP kinase (within

5–30 min), which has been shown to be involved in the stimulation

of cell proliferation and the inhibition of apoptosis [38]. Fur-

thermore, the induction of the immediate-early genes c-fos and c-

myc is required for the stimulation of cell proliferation by a

variety of growth factors and cytokines [38], sphingosine or SPP

[43,44] and PA [45]. However, natural Cer1P failed to induce the

expression of c-fos or c-myc up to 24 h of incubation. Therefore

the mechanisms of action of natural Cer1P are not the same as

those of sphingosine, SPP, PA or lyso-PA. Furthermore, natural

Cer1P seems to be more potent in stimulating DNA synthesis

(Figures 1 and 4) than PA or lyso-PA [6], sphingosine or SPP [7].

Another important difference between PA and Cer1P is that

dephosphorylation of PA yields diacylglycerol, which can lead to

PLD activation through stimulation of protein kinase C [46] and

is a positive signal for cell growth [47]. In contrast, dephosphoryla-

tion of Cer1P produces ceramide, which inhibits PLD activity

[6,7], blocks the proliferation of cells [4,5,21] and promotes

apoptosis [12].

In conclusion, the present work shows for the first time that

natural Cer1P is a potent stimulator of DNA synthesis and

PCNA expression. These effects are independent of tyrosine

phosphorylation or MAP kinase phosphorylation, and they do

not involve PLD activation or a decrease in cAMP concentration.

Furthermore, these mitogenic effects of natural Cer1P are

independent of the expression of c-myc or c-fos, and may not

involve changes in intracellular Ca#+ concentrations. The stimu-

lation of DNA synthesis and PCNA expression induced by

natural Cer1P can be blocked by natural ceramides, suggesting

that regulation of the balance between the formation of ceramide

compared with Cer1P may be an important factor in controlling

cell activation and, in particular, cell proliferation and cell death.

The use of an appropriate mixture of methanol and dodecane to

deliver Cer1P to cells may contribute to the elucidation of the

biological functions and the mechanism(s) of action of natural

Cer1P.
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