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shift assay; TPA, 12-O-tetradecanoylphorbol-i3-acetate; MAPK, mito9en-activated protein kinase; PDGF, platelet-derived growth factor; BSA,
bovine serum albumin; EMSA, electrophoretic mobility shift assay.
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SUMMARY
The sphingolipids sphingosine-1 -phosphate (SPP) and sphin-
gosylphosphocholine (SPC) stimulate mitogenesis in Swiss 3T3
fibroblasts and stimulate DNA binding activity of activator pro-
tein-1 (AP-1). We show that SPP and SPC were more potent
agents than nonphosphorylated sphingosines and N-acyl-
sphingolipids (ceramides) with respect to DNA synthesis, AP-1
DNA binding activity, and AP-1 trans-activation, illustrating the
importance of the terminal phosphate group. The free 2-amino
group and the 4E double bond of SPC and SPP were found to
be important for these activities. Although the combination of
decreasing the sphingoid backbone chain length of SPC by two
carbons and hydrogenating the 4E bond only slightly reduced

its effects, in contrast, the same modifications in SPP signifi-
cantly decreased its mitogenic and AP-1 trans-activation ef-
fects. Furthermore, substitution of the 3-hydroxyl group in SPP
with hydrogen decreased its ability to stimulate DNA synthesis
and to stimulate AP-l transcriptional activity. Thus, critical
sphingolipid structural components for AP-1 activation and
mitogenic stimulation include the free 2-amino group, the free
3-hydroxyl group, the 4,5-trans double bond, and terminal
phosphorylation. These observations may be relevant for din-
ical uses of these compounds in applications such as wound
healing and inhibition of metastasis.

In recent years, the sphingolipid metabolite ceramide (N-

acyisphingosine) has been extensively studied for its antipro-
liferative properties and its role in cytokine signaling and

apoptosis (1, 2). Less is known of two other sphingolipid
metabolites, SPC {[(2S,3R,4E)-2-amino-3-hydroxyl-4-octade-

cen-1-yl][2’-(trimethyammonium)ethyl] hydrogen phos-

phate), the N-deacyl derivative of sphingomyelin, and SPP
{[(2S,3R,4E)-2-amino-3-hydroxyl-4-octadecen-1-yl]dihydro-

gen phosphate).

sPc has been reported to be elevated (�40-fold) in spleen,
liver, and brain of patients with Niemann-Pick type A (1A)

disease who have a deficiency of acid sphingomyelinase, hep-
atosplenomegaly, and brain dysfunction (3). SPC has been

detected in minute amounts in normal mouse cerebrum (4),
in A431 cells (5), and at higher levels (2 mol% of total phos-
pholipid) in human meningiomas (4).

1 Current affiliation: Nestle Research Center, Nestle, Ltd., Lausanne, Swit-
zerland.

This work was supported by National Institutes ofHealth Research Grants
RO1-CA61774 (S.S.) and HL16660 (RB.) and National Cancer Institute Post-
doctoral Fellowship F32-CA09249 (A.B.).

sPc is an extremely potent mitogen in various cell types

(6). In fibroblasts, the mitogenic signaling pathways are

partly protein kinase C dependent, and SPC did not increase

levels of SPP, phosphatidate, inositol phosphate, or cAMP

but did stimulate arachidonate release (6-8). SPC has also

been reported to rapidly activate MAPK through protein

kinase C-dependent and pertussis toxin-sensitive pathways

(9), to stimulate tyrosine phosphorylation of focal adhesion

kinase (p125FAK) and paxillin (9), and to stimulate a pro-

tein kinase related to casein kinase II (10). SPC has been

found to mobilize calcium from internal sources, predomi-

nately through a previously uncharactenzed, inositol-1,4,5-

trisphosphate-independent pathway (reviewed in Refs. 6, 11,

and 12). In rat basophilic leukemia cells, a novel intracellular
SPC-gated calcium-permeable channel with unique pharma-

cological properties has been characterized (13).

sPP is a bioactive lipid with important second messenger

properties: SPP levels increase rapidly and transiently in

response to fetal calf serum, PDGF (14, 15), and TPA (16);

sPP releases calcium from internal sources in an inositol-

1,4,5-trisphosphate-independent manner (7, 17); and SPP
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may link sphingolipids and RasfRaf/Mek/MAPK signaling

pathways by elevating phosphatidate levels (18). Like SPC,

sPP is a mitogen in several cell types (19-23). In Swiss 3T3

fibroblasts, the induction of DNA synthesis by SPP corre-

sponded with activation ofMAPK (24). SPP was also found to

decrease cAMP levels in Swiss 3T3 fibroblasts (22). In con-

trast, in human smooth muscle cells, SPP increased cAMP

levels, decreased MAPK, and induced actin filament disas-

sembly and calcium mobilization (15). SPP is not only a

strong inhibitor of cell motility and phagokinesis but also an

inhibitor of chemoinvasion of tumor cells (25). This effect

may be a consequence of changes in assembly of actin fila-

ments. SPP also induced platelet shape changes, aggrega-

tion, and intracellular calcium mobilization, indicating that

it may play a role in thrombosis, hemostasis, and wound

healing (26).

The nuclear events following these early events regulated

by SPC and SPP are receiving attention. The transcription

factor AP-1 is our focus of study because AP-1 proteins bind

to regulatory AP-1 consensus sequences in numerous genes

involved in cellular proliferation (27). Previously, we found

that SPC (11) and SPP (28) stimulated DNA binding activity

ofAP-1. SPC also rapidly increased levels ofc-fos transcripts

and trans-activated a reporter gene containing AP-1 recogni-

tion sites, linking the action of SPC to gene expression (11).

The mechanism by which SPC affects AP-1 DNA-binding

activity is thought to involve a combination ofincreased AP-1

protein synthesis and post-translational changes (1 1).

In the current study, sphingosine, N-acylsphingosine, SPC,

and SPP analogs were evaluated for effects on DNA synthe-
sis, DNA binding activity, and trans-activation of a reporter

gene containing AP-1 recognition sites. Structural modifica-

tions studied included N-acylation, replacement of the hy-

droxyl group with hydrogen, double bond hydrogenation,

changes in sphingoid base chain length, and stereochemical

changes (Table 1). This study may have importance for the

clinical uses of these compounds. In fact, the multitude of

potent biological properties of sphingolipids has sparked

pharmacological interest in these compounds. For example,

the mitogenic potential of SPC was recently exploited to

enhance wound healing in healing-impaired diabetic mice

(29). SPC enhanced proliferation of keratinocytes, fibro-

blasts, endothelial cells, and cells surrounding the sebaceous

glands and hair follicles, resulting in complete reepithelial-

ization and granulation tissue formation in excisional and

incisional wound sites.

Experimental Procedures

Cell culture. Swiss 3T3 fibroblasts were obtained from the Amer-

ican Type Culture Collection (Rockville, MD) and maintained in
Dulbecco’s modified Eagle’s mediumlcalf serum (9:1) (11).

Growth factors and lipids. Sphingomyelinase (Streptomyces

sp.) and TPA were from Sigma Chemical (St. Louis, MO), calf serum

was from Colorado Serum (Denver, CO), and EGF and insulin were
from Collaborative Research (Bedford, MA). SPC (Matreya, Pleasant

Gap, PA) was produced by acidic hydrolysis of sphingomyelin and has

been reported to be a 72:28 D-erythro/L-threo mixture (30). N-Acetyl-
SPC, N-hexanoyl-SPC, C16-Dihydro-SPC2 (90% erythro), C18-dihydro-

SPC (99% erythro), and various sphingosines and N-acylsphingosines

were also from Matreya. The DL-threo- and DL-eiythro-sphingosines and

dihydrosphingosines were from Sigma. D-erythro-SPC, D-erythro-SPP,

and N-palmitoyl-SPP were synthetically prepared (31). D-erythro-SPP

was also obtained from BIOMOL Laborathries (Plymouth Meeting, PA)

and produced similar results in all assays to the above synthetically
prepared material. 3-Deoxy-D-SPP was prepared in a synthetic se-

quence3 that entailed ring opening of (R)-benzyl-glycidol with lith-
ium pentadecyne, followed by mesylation of the secondary hydroxy

group, azide substitution, and Birch reduction to yield 3-deoxysphin-

gosine, which was then phosphitylated and oxidized (scheme 2 in

Ref. 32). C16-dihydro-SPP and C18-dihydro-SPP compounds were
produced by phospholipase D transphosphatidylation of the respec-

tive SPC products by a method modified from Van Veldhoven et al.

(30). Briefly, SPC analogs (10 mg) were evaporated to dryness, mixed
with 100 pg (220 units) of phospholipase D (Streptomyces chromo-

fuscus Type VI, EC 3.1.4.4; Sigma) in 500 jxl of 75 mM ammonium

acetate, incubated for 3 hr at 30#{176},and, after pH adjustment to 4,
pelleted by centrifugation at 16,000 x g for 5 mm at 4#{176}.The pellets
were redissolved in MeOH and purified by thin layer chromatogra-

phy using a butanollwater/acetic acid (3:1:1 v/v/v) solvent system.

Based on the migration of authentic SPP standard, the silica regions

containing SPP analogs were scraped, extracted in 1 ml of MeOH,
warmed to 37#{176},bath-sonicated for 5 mm, and then vortexed vigor-

ously for 2 mm. After centrifugation at 3000 x g for 10 mm, the
supernatant was passed through a glass syringe with a Teflon filter

(Millex-FG, 0.2 jxM; Millipore, Bedford, MA) to remove silica partic-

ulates. The silica regions containing SPP analogs were reextracted

with 5 ml of CHC13/MeOHIO.1 N HC1 (2.7:1.3:1.0 v/v/v), and the
CHC13 layer containing the lipids was pH neutralized. SPP analogs

were quantified by phosphorus determination. Unless indicated,
lipid solutions were stored in methanol, dried under N2, and redis-

solved as 1-2 mM solutions in a 4 mg/ml BSA (Sigma) solution by
sonication. Dihydrosphingosines, glucosylsphingosines, and galacto-

sylsphingosines were dissolved in ethanol at 25-50 mM, and small

volumes were delivered directly to the cell culture media (final eth-

anol concentrations were 0.02-0.05%). Cells were treated with ap-

propriate vehicle or �20 jxM of lipids, with 10 jxM being the most

common concentration used, because this is a widely used, mito-

genic, noncytotoxic concentration for numerous sphingolipids that

have been evaluated (6).

DNA synthesis. Cells were grown in 1.77-cm2 clusters, and DNA

synthesis measured as previously described (22). After 18 hr of

incubation with 1-20 �xM sphingolipids, 1 jxCi of [methyl-3Hlthymi-

dine (55 Cilmmol; Amersham, Arlington Heights, IL) was added, the

cells were incubated for an additional 6 hr, and the incorporation of

radioactivity into trichloroacetic acid-insoluble material was mea-

sured.
EMSA. Swiss 3T3 cells were cultured in 150-cm2 petri dishes,

refed every 3 days until 90% confluent, and used 5 days later when

quiescent. Before treatment, medium was aspirated and replaced

with 10 ml of Dulbecco’s modified Eagle’s medium containing trans-

ferrin (5 pg/mi) and BSA (20 �xg/ml) for 12 hr. Nuclear extracts (5 jig;
prepared according to Ref. 1 1) were incubated with 1 jig of poly[d(I-

C)1 (Pharmacia LKB, Piscataway, NJ) and double-stranded [32P]AP-
1 consensus oligonucleotide probe (0.3 ng, 2 X 106 cpm; Stratagene,

La Jolla, CA). The A.P-1 oligonucleotide (AP-1 consensus sequence is

underlined) was as follows: 5’-CTAGTGATGAGTCAGCCGGATC-3’.
Probes were 5-end-labeled with [y-32PJATP (Amersham) and T4-

polynucleotide kinase (New England Biolabs, Beverly, MA) and pu-
rifled with Sephadex G-50 spin columns (Pharmacia LKB, st. Quen-
tin, France). DNA/protein complexes were resolved on 1.5-mm 6%

2 C� refers to the carbon length in the sphingoid base; if not otherwise

indicated, the carbon chain length is C,8. SPC is also known as sphingo-

sylphosphorylcholine and lysosphingomyelin. Sphingosine and dihydrosphin-
gosine are also known as sphingenine and sphinganine, respectively; galacto-
sylsphingosine is also known as gal psychosine; glucosylsphingosine is also

known as glc psychosine; N-acylsphingolipids are also known as ceramides;

D( + )-erythro is 2S,3R, the naturally occurring isomer; L( - )-erythro is 2R,3S;
L( )-threo is 2S,3S; D( +)-threo is 2R,3R; and DL-threo is 2S,3S12R,3R and
indicates a racemic mix.

3 R. Bittman and K. C. Reddy, unpublished observations.
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All of the sphingolipids contained a long-chain hydrophobic sphingoid backbone (saturated or with a 4E bond), with either 1 8 carbons or 1 6 carbons, a 2-amino- or
2-amide group, and a 3-hydroxyt group. The polar head group (position 1) was either hydroxyl for sphingosines and N-acylsphingolipids, phosphate for SPP,
phosphocholine for SPC, or a carbohydrate residue.

�

R2NR2

Compound A, R2/R2 R3 4-5-trans bond

4E

R4

C2H5Sphingosine H H/H OH
Dihydrosphingosine H H/H OH Saturated C2H5
N-Acetylsphingosine H H/COCH3 OH 4E C2H5

N-Acetyldihydrosphingosine H H/COCH3 OH Saturated C2H5
N-Hexanoylsphingosine H H/CO(CH2)4CH3 OH 4E C2H5

N-Hexanoyldihydrosphingosine H H/CO(CH2)4CH3 OH Saturated C2H5
1-Glucosylsphingosine glc H/H OH 4E C2H5
1 -Galactosylsphingosine gal H/H OH 4E C2H5

1-Galactosyl-(3’-sulfonyl)-sphingosine
N-Acylsphingosinetrihexoside
SPP

gal (3’ 503 )
trihexose

PO3W

H/H
H/CO(CH2)�CH3

(H/H2)�
OH

OH

4E

4E

4E

C2H5
C2H5

C2H5
Dihydro-SPP PO3H (H/H2) � OH Saturated C2H5
C16-Dihydro-SPP PO3W (H/H2) � OH Saturated H
3-Deoxy-SPP PO3H - (H/H2)4 H 4E C2H5

N-Palmitoyl-SPP P03H2 H/CO(CH2)14CH3 OH 4E C2H5
SPC PO2O(CH2)2N�(CH3)3 H/H OH 4E C2H5
Dihydro-SPC PO2�O(CH2)2N�(CH3)3 H/H OH Saturated C2H5
C16-Dihydro-SPC P02 O(CH2)2N�(CH3)3 H/H OH Saturated H
N-Acetyl-SPC PO2�O(CH2)2N�(CH3)3 H/COCH3 OH 4E C2H5
N-Hexanoyl-SPC PO2�O(CH2)2N�(CH3)3 H/CO(CH2)4CH3 OH 4E C2H5
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polyacrylamide gels (acrylamide/bisacrylamide 60:1) using 0.5x

electrophoresis buffer ( 1 x contains 90 mM Tris, 90 mM boric acid, 2
mM EDTA) at 200 V for 1.5 hr at 25#{176}.

Transfection. The 2xAP-1 LUC plasmid contained two copies of

the AP-1 binding site (TCGAGTTGAGTCAGGGTAACGA11�GAGT-

CAGGAG) located 5’ of a 72-bp region of the rat prolactin promoter
linked to the luciferase gene and was kindly provided by K. Chien

(University of California, San Diego, CA). NIH-3T3 cells (1 x 106

cells; American Type Culture Collection) were grown in 75-cm2 petri

dishes in 15 ml ofmedia and stably transfected by treatment with 1.5
ml of 1 x solution (25 mM N,N-bis[2-hydroxyethyll-2-aminoethane-

sulfonic acid, 140 mM NaCl, 0.75 mM Na2HPO4, pH 6.96; Sigma) (33)

containing 125 mM CaCl2, 5 jig of 2xAP-1 LUC plasmid, 1 jig of

pSV2neo plasmid (conferring G-418 resistance), and 30 jig of soni-

cated salmon sperm carrier DNA (Stratagene, La Jolla, CA). The

cells were incubated in 3% CO.J97% air overnight and then washed

twice with phosphate-buffered saline; at 72 hr after transfection,

selection was initiated with 1 mg/ml G-418 (GIBCO BRL, Baltimore,

MD). Pooled clones were used for experimentation after 1 month of

continuous culture. To examine the effect of sphingolipids on lucif-

erase activity, transfectants were seeded onto 10-cm2 dishes, cul-

tured for 48 hr until 90% confluent, incubated in media containing

0.5% calfserum for 12 hr, and then treated with lipids or vehicle for

6 hr. After two washings with phosphate-buffered saline, cells were
incubated with 150 jil of E397A lysis buffer (Promega, Madison, WI)

supplemented with phenylmethylsulfonyl fluoride and dithiothreitol

(0.5 mx�s each; Sigma) for 15 mm at 25#{176},scraped to microfuge tubes,
vortexed for 15 sec, and centrifuged at 16,000 x g for 2 mm at 25#{176},

and protein concentration was determined (DC Protein Assay Kit;
BioRad Laboratories, Hercules, CA). For luciferase determination,
10 i.tl (3-6 jig) of lysate was transferred into luminometer cuvettes

(Analytical Luminescence Laboratories, Ann Arbor, MI) and thawed

to 25#{176},and 100 jil of assay buffer was autoinjected into each tube

using a Monolight 2001 Luminometer (Analytical Luminescence

TABLE 1
Structures of various sphingolipids

Laboratories). The assay buffer consisted of 20 mM tricine, pH 7.8,

33.3 mi�.i dithiothreitol, 2.67 mM MgSO.1, 1.07 mM MgCO�, 0.53 mM
ATP (Sigma), 0.47 mM beetle luciferin (potassium salt; Analytical

Luminescence), 0.27 mM Coenzyme A (lithium salt; Sigma), and 0.1

mM EDTA. This assay buffer system produced a constant light in-

tensity for � 1 mm.

Results

Mitogenicity. As previously reported (6), SPC and SPP

greatly stimulated DNA synthesis and cell division of quies-

cent cultures of Swiss 3T3 fibroblasts, with 10 j.tM producing

the maximal increase in [3Hlthymidine incorporation into

DNA (Table 2). SPC and SPP were equally effective at stim-

ulating [3Hlthymidine incorporation and were approximately

half as effective as PDGF. SPC and SPP were more potent

mitogenic agents than any of the nonphosphorylated sphin-

gosine bases tested such as sphingosine, N-hexanoyl-sphin-

gosine, and sphingosines with glucose and galactose residues

coupled to the 1-hydroxyl group (Table 2).

Hydrogenation ofthe 4E bond ofSPC and acetylation of the

free amino group greatly diminished mitogenicity. Increasing

the hydrophobicity of the N-acyl group (as in N-hexanoyl-

SPC) further reduced activity of SPC.

Similarly, hydrogenation of the 4E bond of SPP reduced

mitogenicity. However, activity was still evident when the

free amino group was palmitoylated. The 3-hydroxyl group of

SPP was also found to be an important structural component

for mitogenicity because 3-deoxy-SPP (lacking the hydroxyl

group) had lower activity than SPP.
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TABLE 2
5timulation of DNA synthesis in quiescent Swiss 3T3 fibroblasts
treated with 5PC, SPP analogs, and PDGF
Quiescent cultures of Swiss 3T3 cells were treated with 10 p.t�i of the indicated
sphingoid bases or 10 ng/ml PDGF-AB (Upstate Biotechnology, Lake Placid, NY).

[3 H]Thymidine incorporation was measured as described in Experimental Proce-

dures and is expressed as fold stimulation relative to vehicle-treated controls.
Each value is the mean ± standard deviation of triplicate determinations from a
representative experiment from a minimum of three experiments. If known, the
stereochemistry of the compound is given in brackets.

Treatment [3H]Thymidine

fold increase

SPC (D-e,ythro) 17.9 ± 2.3
C16-Dihydro-SPC (90% erythro) 10.4 ± 1.4
Dihydro-SPC (99% er.ythro) 6.9 ± 1.9
N-Acetyl-SPC 3.1 ± 0.3
N-Hexanoyl-SPC 1 .2 ± 0.1
SPP (o-erythro) 17.5 ± 2.1
N-Palmitoyl-SPP (D-erythro) 7.9 ± 0.04
3-Deoxy-SPP (D) 2.6 ± 0.5
Dihydro-SPP 1 .6 ± 0.2
C16-Dihydro-SPP 1 .5 ± 0.6
Sphingosine 2.9 ± 0.2
N-Hexanoylsphingosine (D-eiythro) 2.5 ± 0.2
1 -Galactosyl-(3’-sulfonyl)-sphingosine
N-Acylsphingosinetnhexoside

1 -Glucosylsphingosine

1 .5 ± 0.1
1 .5 ± 0.2
1 .3 ± 0.1

1 -Galactosylsphingosine 1 .2 ± 0.1
PDGF 34.1 ± 1.3

backbone chain length by two carbons and hydrogenating the

4E bond more profoundly diminished activity in SPP corn-

pared with SPC. Cells treated with C16-dihydro-SPC (but not
C16-dihydro-SPP) adapted a stellate-like appearance, mdi-

cating that this compound induces fibroblast morphological

alterations (data not shown).
EMSA. As previously reported, SPC (11) and SPP (28)

stimulated AP-1 DNA binding activity as demonstrated by
the appearance of a distinct and specific complex in EMSA
that could be inhibited by a 10-fold excess of cold AP-1 probe
(data not shown). Structural modifications of SPC, such as
hydrogenation of the 4E bond and N-acetylation, decreased

binding activity (Fig. 1A). However, the combination of chain
shortening ofthe sphingoid backbone (C18 to C16) ofSPC and

0
0.
U) �O
00.0.

.� co�2
- >. 0>.
‘.

E o �
0 0.. .-:�‘fO.

0 (1) 0 OZC/)

reducing the 4E bond did not diminish DNA binding activity
(Fig. l#{192}).In contrast to SPC, the same modifications in the

SPP structure resulted in a profound reduction in DNA bind-

ing activity (Fig. 1B). Removal of the 3-hydroxyl group in

SPP (i.e., 3-deoxy-SPP) or 1-phosphate group (i.e., sphin-

gosine) also diminished DNA binding activity (Fig. 1, B and

C). Increasing cellular levels of ceramide by treatment with

exogenous sphingomyelinase or by the addition of the cell-

permeable ceramide analog N-hexanoylsphingosine, condi-

tions that have previously been shown to stimulate DNA

synthesis in Swiss fibroblasts (34), also increased DNA bind-
ing activity of AP-1 (Fig. 1D).

Transactivation through AP-1 sites. To more quantita-

tively compare the effects of subtle structural changes of

sphingolipids on AP-1 activation, a more sensitive method

was used. To this end, the effects of different stimuli on AP-1

transcriptional activity were examined in NIH-3T3 cells sta-

bly expressing a truncated AP-1 responsive promoter fused to

the luciferase reporter gene (2xAP-1 LUC). Calf serum,

PDGF, and TPA (an activator ofprotein kinase C) were more

potent trans-activators than were SPC or SPP, whereas EGF,

even in the presence of insulin, was less effective (Table 3).

As expected, the effect of TPA was abolished in cells made

protein kinase C deficient by prolonged TPA pretreatment

(Table 3). A similar extent of stimulation of luciferase re-

porter activity was obtained when cells were maintained in

chemically defined media (Opti-MEM, Collaborative Re-

search) supplemented with 2-5% calf serum, when cells were

grown on fibronectin- or poly-lysine-coated surfaces and then

serum-starved for s24 hr before administration ofthe sphin-

golipids (data not shown), and when cells were incubated in

media containing 0.5% calf serum for 18 hr and then treated

with sphingolipids for 6 hr (see below). After 6-hr treatment

with 10 p.M SPC, luciferase reporter activity was increased
2.4-fold (Table 3). As previously reported (11), a similar in-
duction of luciferase activity was obtained with 20 �iM SPC,

and the fold increase was either the same or slightly higher
in cells treated with D-erythro-SPC compared with cells

treated with racemic SPC (data not shown).

Fig. 1. Activation of AP-1 DNA
binding activity by SPC, SPP, sphin-
gosine, and analogs. EMSA were
performed using 0.3 ng of [�P]AP-1
probe and nuclear extract (5 jig)
prepared from quiescent Swiss 3T3
fibroblasts treated with BSA (Con-
trol), 10 p.M concentration of the in-
dicated sphingolipids, or 20 j.titi C6-
ceramide for 3 hr. Vehicle (BSA)-
treated controls did not show any
stimulation in AR-i DNA binding ac-
tivity relative to non-vehicle-treated
controls, and basal activities did not
change with time. Top band, spe-
cific AP-i probe/protein complex;
bottom band, free probe. Autoradio-
graphic results are representative of
two or three separate experiments.
Refer to Tables 1-2 for the stereo-
chemistry of the various sphingolip-

ids. DHS, DL-threo-dihydrosphin-
gosine; SMase, sphingomyelinase
(1 unitlml); SPH, sphingosine; C6-
Cer, N-hexanoyl sphingosine.
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TABLE 3
Regulation of AP-1 transcriptional activity by SPC and SPP
analogs
NIH-3T3 cells were stably transfected with the 2xAP-1 LUC reporter plasmid as
described in Experimental Procedures. Luciferase activity, expressed as light
units/lO sec/jig of protein, was measured 6 hr after treatment with 10 jiM of the

indicated sphingoid bases or growth factors and is expressed as fold stimulation
relative to vehicle-treated controls. Fold-stimulations of �1 .1 are denoted by NE
(no effect). Results are mean ± standard deviation from two to seven combined
experiments (3-4 samples). If known, the stereochemistry of the compound is
given in brackets.

Treatment Luciferase activity

fold increase

SPC (D-e,ythro) 2.4 ± 0.3

C16-Dihydro-SPC (90% erythro) 2.0 ± 0.1

Dihydro-SPC (99% erythro) 1 .2 ± 0.2

N-Acetyl-SPC 1 .3 ± 0.2

N-Hexanoyl-SPC NE

SPP (D-e,ythro) 2.5 ± 0.2
Dihydro-SPP 1 .2 ± 0.3

3-Deoxy-SPP (D) 1.2 ± 0.1

C16DihydroSPP NE
N-Hexanoylsphingosine (D-erythro) 1 .6 ± 0.1

N-Hexanoyldihydrosphingosine (99% ery’thro) NE

N-Acetylsphingosine (D-erythro) 1 .3 ± 0.1

N-Acetyldihydrosphingosine (99% etythro) NE
Sphingomyelinase (2 units) 2.1 ± 0.1

Sphingomyelinase (1 unit) 1 .4 ± 0.2
Sphingosine (DL-erythro) 1 .2 ± 0.03

1 -Galactosylsphingosine NE
1 -Galactosyl-(3’-sulfonyl)-sphingosine NE
N-Acylsphingosinetrihexoside NE

1 -Glucosylsphingosine NE
Calf serum (10%) 15.1 ± 1.9

TPA(100 nM) 10.5 ± 1.5

PDGF (10 ng/ml) 7.9 ± 1.3

EGF (20 ng/ml) plus insulin (4 jig/mI) 1 .2 ± 0.2

TPA (1 jiM, 24 hr) plus TPA (100 nM, 6 hr) NE

SPC and SPP were found to be more potent than any

nonphosphorylated sphingoid bases evaluated. 1-Glucosyl-

sphingosine and 1-galactosylsphingosine bases had no effects

on reporter activity. Hydrogenation of the ‘i.E double bond of

SPC and attachment of an N-acetyl group reduced activity,
whereas attachment of an N-hexanoyl group completely

eliminated SPC-stimulated AP-1 transcriptional activity (Ta-

ble 3). Hydrogenation of the 4E double bond of SPP and
replacement of the free 3-hydroxyl group with a hydrogen

atom markedly reduced activity (Table 3). Similar to results

of the mitogenicity assay and the AP-1 DNA binding assay,
the combination of shortening the sphingosine carbon back-

bone chain length by two carbons and hydrogenating the ‘I.E
double bond (C16-dihydro-SPP) substantially reduced activ-
ity in the SPP structure but not the SPC structure.

Because the double bond in ceramide is critical for its

biological effects (1), it was of interest to compare the effects

of ceramides with those of dihydroceramides. The dihydro

derivatives of N-acetylsphingosine and N-hexanoylsphin-

gosine, which lack the 4,5-trans double bond, were less active

than the respective 4E monounsaturated parent compounds

(Table 3).

Discussion

Structural modifications of SPC and SPP had profound

effects on DNA synthesis, AP-1 binding activity, and AP-1

trans-activation. It is likely that SPC and SPP mediate their

effects by binding to specific targets. These modifications

may thus have affected the ability of SPC and SPP to interact

with their respective cell surface or internal targets. Another

possibility is that structural modifications may affect the

uptake and subsequent metabolism of these sphingolipids.

In general, there is better agreement between the trans-

activation assay ofA.P-1 activity and DNA synthesis because

they are both in vivo assays, whereas EMSA only measures

in vitro DNA binding activity of AP-1. Consistency between

the results of the [3H]thymidine assay and AP-1 transcrip-

tional activity is not surprising because AP-1 is a critical

transcription factor for cellular proliferation (27). However, it

is now established that enhanced Myc synthesis is also re-

quired for progression of quiescent fibroblasts from the G0 to

the G1 phase of the cell cycle (35), and inconsistencies could

be due to the relative importance of this pathway. In our

study, there was an example of a lack of agreement between

the various assays: C16-dihydro-SPC stimulated DNA bind-

ing activity similarly to SPC but was less active in the tran-

scriptional and mitogenesis assays. There are several possi-

ble explanations for the apparent discrepancy, including

temperature differences (25#{176},EMSA; 37#{176},trans-activation

assay); kinetic differences (3 hr, EMSA; 6 hr, trans-activation

assay); AP-1 binding site differences, which can possibly af-

fect binding of AP-1 dimers (one AP-1 binding site, EMSA;

two AP-1 binding sites with a different surrounding se-

quence, trans-activation assay); and the fact that the EMSA

is a qualitative assay designed to detect large differences in

binding activity, whereas the trans-activation assay is a sen-

sitive quantitative assay.

The role of sphingoid base phosphorylation. Consis-

tent with previous results in Swiss 3T3 fibroblasts (6), SPC

was much more mitogenic than other lysophospholipids and

structurally related sphingolipids that were examined (in-

cluding N-acylsphingosine and sphingosine) and more potent

than some growth factors (insulin and EGF). The fact that

SPP was more potent than sphingosine in all three assays

exemplifies the importance of terminal phosphorylation with

respect to bioactivity. Interestingly, in Rat-i fibroblasts,

sphingosine was found to be more mitogenic than SPP (21),

demonstrating differences in sphingolipid metabolism and

signaling pathways in different cell lines.

The role of sphingoid base glycosylation. Glycosylated

sphingosine bases are naturally occurring structural compo-

nents of gangliosides. N-Deacyl-glycosylated bases, such as

those tested for bioactivity in the current study, occur in high

levels in some sphingolipidoses and are reported to have

cytotoxic effects (36). In both mitogenicity assays and AP-1

reporter assays, the glycosylated bases were ineffective (Ta-

bles 2 and 3). The uptake of these compounds was not exam-

med in this study. However, in other cell systems they seem

to be taken up and to have specific biochemical effects. For

example, in thrombin-stimulated intact human platelets, 40

kDa protein phosphorylation (an index of protein kinase C

activity) was inhibited by 25 p.M concentrations of galactosyl-

sphingosines, glucosylsphingosines, and sulfogalactosyl-

sphingosines, whereas N-acetylgalactosylsphingosine was

ineffective (36).

The role of the free amino group and N-acyl chain

lengtk The importance of the free amino group for bioactiv-

ity of sphingolipids was readily apparent in the present stud-

ies (e.g., SPC versus N-acetyl-SPC; Tables 2 and 3). In agree-

ment, N-acetyl-SPC was previously found to be less effective
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than SPC in increasing intracellular calcium concentrations

in rat pancreatic acinar cells, and longer-chain N-acyl-SPC

(sphingomyelin) was found to be completely ineffective (37).

Intracellular calcium concentrations are known to affect

DNA synthesis and to affect AP-1 activation via calcium-

induced transcriptional enhancement (38). Thus, the lesser

effect of N-acetyl-SPC relative to SPC with respect to mito-

genic potential (Table 2), AP-1 binding activity (Fig. iA), and

transcriptional activation (Table 3) could be linked to differ-

ences in abilities to mobilize calcium. SPC is also consider-

ably more active at stimulating mitogenesis than sphingo-

myelin (6), which also suggests that the free amino group is

important for biopotency. N-Palmitoyl-SPP was only half as

effective as SPP in stimulating DNA synthesis, which further

illustrates the importance of the free amino group. In con-

trast, in Rat-i fibroblasts, N-acetyl-SPP and N-octanoyl-SPP

were as effective as SPP in stimulating DNA synthesis at

optimally mitogenic concentrations (39), suggesting that the

free amino group may not be important for mitogenicity in

this cell type. The uptake and metabolism of long-chain N-

acyl-SPP, which is naturally occurring in some cell types (40),
have not been well studied, but short-chain N-acyl-SPPs

were not deacylated to SPP in vivo (39, 4i). However, in other
studies, the requirement of a free amino group in the sphin-

gosine backbone for bioactivity is not apparent. For example,

in the fusion of Semliki Forest virus with target membranes,

sphingosine was ineffective in promoting fusion, whereas

N-acylsphingosine or sphingomyelin was required (42, 43).

Differences observed in promoter activities between cells

treated with sphingomyelinase and cells treated with short-

chain N-acylsphingosines (Table 3) may be related to the

chain length of the N-acyl group because treatment of fibro-

blasts with sphingomyelinase is known to produce long-chain

endogenous N-acylsphingosines derived from sphingomyelin

(34). In agreement, in other cell types, differences in bioac-

tivity in response to treatment with short-chain N-acylsphin-

gosines and sphingomyelinase have also been reported.

Treatment of HL-60 cells with sphingomyelinase stimulated
MAPK activity, whereas N-acetylsphingosine had no effect

(44).

The role of the 3-hydroxyl group. Naturally occurring

sphingolipids with modifications of the 3-hydroxyl group,

such as ganglioside GM3 with a 3-O-acetyl sphingosine base,

have been discovered (45), and 3-ketodihydrosphingosine is

the natural precursor of dihydrosphingosine. To our knowl-

edge, the bioactivity of 3-deoxy-SPP has not been previously

examined. Compared with SPP, this compound was a less

potent mitogen and produced lower AP-1 transcriptional ac-

tivation. Replacing the hydroxyl group with hydrogen would

reduce polarity and result in weaker intermolecular and in-

tramolecular hydrogen bonding (46), which could ultimately

affect uptake, stability, and target interactions. The 3-hy-

droxyl group has been shown to be ofbiological importance in

other sphingolipids. In sphingomyelinase assays, 3-deoxy-

sphingomyelin was not an effective substrate compared with

sphingomyelin (47), and the 3-hydroxyl group of the sphin-

gosine backbone was found to play a key role in supporting

fusion of Semliki Forest virus with liposomes (43, 48). How-

ever, the 3-hydroxyl group was not essential for the interac-

tion of sphingomyelin with cholesterol in vesicles and mono-

layers (49, 50).

The role of the 4E double bond. Sphingoid bases with

saturated alkyl chains are naturally occurring precursors in

the synthesis of sphingomyelin. Hydrogenation of the 4E

bond of both SPC and SPP dramatically reduced activity in
all three assays. Dihydro-SPP has been reported to be 10-fold
less effective at inhibiting Fl melanoma cell haptotactic mo-

tility, which also illustrates the importance of the 4E bond

with respect to bioactivity (51). Hydrogenation ofthe 4E bond

of N-acylsphingosines has also been found to be critical for
bioactivity in several cell systems (48, 52, 53). D-Erythro-N-

acetylsphingosine, but not D-erythro-N-acetyldihydrosphin-

gosine, was able to inhibit cell growth and c-myc expression

and induce apoptosis and activation of a ceramide-activated
protein phosphatase in HL-60 leukemia cells (52).

Differences in bioactivity between trans-monounsaturated

and -saturated sphingosine bases may be related to differ-

ences in rates of cellular catabolism to inactive breakdown

products. In this regard, it was recently shown that dihydro-

SPP was more rapidly degraded than SPP in cultured skin

fibroblasts (54).

The role of sphingoid base length. The predominant

chain length for sphingolipids is C18, although C20-sphin-

gosine has been detected in high amounts in some tissues,

such as the central nervous system (45), and C16-sphingosine

backbones have been reported in some invertebrates (47).
Chain length may be important for membrane intercalation
and uptake of sphingosine because in human neutrophils

incubated with 10 jtM sphingosine, less C16-sphingosine than

C18-sphingosine was associated with the cells (55).

The fact that hydrogenation and chain-shortening reduced

activity in SPP but not SPC could be due to differences in

stability, target recognition, and signaling pathways. In this

regard, it is well established that SPC and SPP do not share

common signaling pathways (7, 20).

In this study, we examined structure-function relation-

ships of SPC, SPP, and analogs with respect to mitogenesis,

AP-i binding activity, and AP-i trans-activation. Our results

may have implications for the potential clinical use of these

sphingolipids. SPC was recently found to directly accelerate

dermal wound healing in healing-impaired diabetic mice

(29), and SPP might be useful for inhibition of tumor cell

invasiveness (25).
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